
v

Contents

Preface  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii

1. Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   1

2. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   5
2.1 Purpose. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   5
2.2 Background  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   5
2.3 Common Terms Used in this Report  . . . . . . . . . . . . . . .   7
2.4 Hierarchy of Waste Minimization Steps  . . . . . . . . . . . .   9
2.5 Scope of this Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.6 Organization of this Report. . . . . . . . . . . . . . . . . . . . . . . 11
2.7 A Guide for Implementing an Effective Waste 

Minimization Program  . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7.1 Waste Minimization Planning. . . . . . . . . . . . . . . 13
2.7.2 Program Goals and Evaluation . . . . . . . . . . . . . . 15
2.7.3 Program Implementation  . . . . . . . . . . . . . . . . . . 15
2.7.4 Training  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3. Applicable Laws and Regulations  . . . . . . . . . . . . . . . . . . 17
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Laws and Regulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 Federal Laws and Regulations that Pertain to Low- 

Level Radioactive Waste . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3.1 Atomic Energy Act of 1954 and Related Laws . . 18
3.3.2 Radioactive Materials  . . . . . . . . . . . . . . . . . . . . . 20
3.3.3 Low-Level Radioactive Waste . . . . . . . . . . . . . . . 20

3.4 Federal Laws and Regulations that Pertain to 
Hazardous, Mixed, and Multiple Hazard Waste . . . . . . 22
3.4.1 Hazardous Waste . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4.2 Low-Level Mixed Waste. . . . . . . . . . . . . . . . . . . . 23
3.4.3 Medical and Biological Waste . . . . . . . . . . . . . . . 24

3.5 Federal Laws and Regulations that Deal with the 
Minimization of Radioactive, Hazardous, Mixed, and 
Multiple Hazard Waste . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.5.1 Minimization of Low-Level Radioactive Waste  . 26
3.5.2 Minimization of Hazardous Waste . . . . . . . . . . . 27



vi   /   CONTENTS

3.5.3 Minimization of Mixed and Multiple Hazard 
Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28

3.5.4 The Pollution Prevention Act of 1990 . . . . . . . . . 29
3.6 State Laws and Regulations that Deal with the 

Minimization of Low-Level Radioactive Waste and 
Low-Level Mixed Waste. . . . . . . . . . . . . . . . . . . . . . . . . . 31

4. Low-Level Radioactive and Mixed Waste Generation 
Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2 Low-Level Radioactive Waste Generation Trends . . . . . 33
4.3 Low-Level Mixed Waste Generation Trends  . . . . . . . . . 37
4.4 Low-Level Mixed Waste Generation in Laboratory 

Analysis Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5. General Guidance for Development and 
Implementation of an Effective Institutional Waste 
Minimization Program  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2 General Guidance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2.1 Management Support. . . . . . . . . . . . . . . . . . . . . . 42
5.2.2 Waste Minimization Goals . . . . . . . . . . . . . . . . . . 43
5.2.3 Waste Minimization Options . . . . . . . . . . . . . . . . 43
5.2.4 Employee Awareness and Incentives  . . . . . . . . . 44
5.2.5 Training. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.2.6 Quality Control . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.7 Trend Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.8 Waste Characterization . . . . . . . . . . . . . . . . . . . . 47
5.2.9 Waste Accounting . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.2.10 Waste Cost Accounting and Allocation . . . . . . . . 50
5.2.11 Identification of Waste Minimization

Opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.3 Information Exchange and Technology Transfer . . . . . . 52
5.4 Program Review and Update. . . . . . . . . . . . . . . . . . . . . . 55

6. Guidance for Selection of Waste Minimization     
Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2 General Guidance for the Selection of Minimization 

Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.2.1 Pollution Prevention Hierarchy. . . . . . . . . . . . . . 61
6.2.2 Occupational Health and Safety . . . . . . . . . . . . . 61



CONTENTS   /   vii

6.2.3 Regulatory Considerations  . . . . . . . . . . . . . . . . . 62
6.2.4 Analysis and Characterization Costs . . . . . . . . . 63
6.2.5 Sequence of Minimization Steps . . . . . . . . . . . . . 63
6.2.6 On-Site versus Off-Site Management . . . . . . . . . 64
6.2.7 Cost Effectiveness  . . . . . . . . . . . . . . . . . . . . . . . . 64
6.2.8 Final Disposal Method. . . . . . . . . . . . . . . . . . . . . 65
6.2.9 Additional Considerations for Low-Level 

Mixed Waste and Low-Level Multihazardous
Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.2.10 Special Considerations for Low-Level
Multihazardous Waste that Contains 
Infectious Agents or is Regulated as Medical 
Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7. Waste Minimization Methods and Examples . . . . . . . . . 71
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.2 Source Reduction Methods  . . . . . . . . . . . . . . . . . . . . . . . 71

7.2.1 Product Changes  . . . . . . . . . . . . . . . . . . . . . . . . . 72
7.2.2 Source Control  . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

7.2.2.1 Acquisition Management. . . . . . . . . . . . 72
7.2.2.1.1 Procurement Controls . . . . . 73
7.2.2.1.2 Supplier Agreements . . . . . . 74

7.2.2.2 Input Material Changes  . . . . . . . . . . . . 74
7.2.2.2.1 Material Purification . . . . . . 74
7.2.2.2.2 Material Substitution: 

Radioactive Materials . . . . . 75
7.2.2.2.3 Material Substitution: 

Radioactive Microspheres . . 79
7.2.2.2.4 Material Substitution:

Short-Lived Radionuclides  . 80
7.2.2.2.5 Material Substitution: 

Hazardous Chemicals  . . . . . 81
7.2.2.2.6 Material Substitution: 

Biohazardous Materials  . . . 86
7.2.2.3 Technology Changes  . . . . . . . . . . . . . . . 87

7.2.2.3.1 Process Changes: 
Equipment, Piping or 
Layout Changes . . . . . . . . . . 87

7.2.2.3.2 Process Changes: Additional 
Automation. . . . . . . . . . . . . . 89



viii   /   CONTENTS

7.2.2.3.3 Process Changes: Changes 
in Operational Settings; 
Microscale Techniques . . . . . 90

7.2.2.4 Good Operating Practices  . . . . . . . . . . . 91
7.2.2.4.1 Procedural Measures . . . . . . 91
7.2.2.4.2 Loss Prevention  . . . . . . . . . . 93
7.2.2.4.3 Waste Segregation . . . . . . . . 94
7.2.2.4.4 Waste Segregation: Chemical

Compatibility . . . . . . . . . . . . 95
7.2.2.4.5 Waste Segregation: 

Radioactive/Nonradioactive
Wastes . . . . . . . . . . . . . . . . . . 95

7.2.2.4.6 Waste Segregation: Long/
Short Half-Life Wastes. . . . . 95

7.2.2.4.7 Waste Segregation:
Deregulated/Non-deregulated
Wastes . . . . . . . . . . . . . . . . . . 96

7.2.2.4.8 Waste Segregation: 
Deregulated Liquid
Scintillation Counting Wastes
from Non-deregulated
Wastes . . . . . . . . . . . . . . . . . . 96

7.2.2.4.9 Waste Segregation: 
Deregulated Animal Carcass
Wastes from Excreta and 
Other Radioactive
Biohazardous Wastes . . . . . . 97

7.2.2.4.10 Waste Segregation:
Radioactive/Hazardous 
Wastes . . . . . . . . . . . . . . . . . . 97

7.2.2.4.11 Waste Segregation:
Hazardous/Nonhazardous
Wastes . . . . . . . . . . . . . . . . . . 98

7.2.2.4.12 Waste Segregation:
Listed/Characteristic
Hazardous Wastes  . . . . . . . . 98

7.2.2.4.13 Waste Segregation:
Biohazardous/
Nonbiohazardous Wastes. . . 99



CONTENTS   /   ix

7.2.2.4.14 Waste Segregation: Resource
Conservation and Recovery 
Act Regulated/Nonregulated
Low-Level Mixed Waste. . . . 99

7.2.2.4.15 Waste Segregation: 
Treatability Groups . . . . . . 100

7.2.2.5 Material Handling Improvements  . . . 102
7.2.2.5.1 Contamination Control . . . 102
7.2.2.5.2 Production Scheduling. . . . 104

7.3 Waste Management Methods . . . . . . . . . . . . . . . . . . . . 105
7.3.1 Recycling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

7.3.1.1 Use and Reuse—Returning Waste to
Original Process Without
Reprocessing. . . . . . . . . . . . . . . . . . . . . 107

7.3.1.2 Use and Reuse—Use of Waste as Raw
Material Substitute for a Different 
Process Without Alteration or 
Separation  . . . . . . . . . . . . . . . . . . . . . . 109

7.3.1.3 Reclamation—Return of Materials 
to Original Use After Regeneration  . . 109

7.3.1.4 Reclamation—Processing to Recover 
Usable Components or Energy (Fuel
Blending)  . . . . . . . . . . . . . . . . . . . . . . . 110

7.3.2 Treatment for Storage or Disposal . . . . . . . . . . 112
7.3.2.1 Hazard Reduction Methods . . . . . . . . . 112

7.3.2.1.1 Radiotoxicity Reduction: 
Decay of Short-Lived
Radionuclides . . . . . . . . . . . 112

7.3.2.1.2 Radiological Hazard 
Reduction: 
Decontamination . . . . . . . . 114

7.3.2.1.3 Chemical Hazard 
Reduction . . . . . . . . . . . . . . 115

7.3.2.1.4 Chemical Hazard 
Reduction: Bioremediation 117

7.3.2.1.5 Chemical Hazard 
Reduction: Granular 
Activated Carbon 
Filtration  . . . . . . . . . . . . . . 118



x   /   CONTENTS

7.3.2.1.6 Chemical Hazard 
Reduction: Oxidation 
Methods  . . . . . . . . . . . . . . . 119

7.3.2.1.7 Chemical Hazard 
Reduction: Ultraviolet
Peroxidation . . . . . . . . . . . . 120

7.3.2.1.8 Chemical Hazard 
Reduction: Steam 
Reforming . . . . . . . . . . . . . . 121

7.3.2.1.9 Biohazards and Medical 
Waste Characteristics  . . . . 121

7.3.2.1.10 Biohazard Reduction:
Inactivation of Pathogens  . 122

7.3.2.1.11 Biohazard Reduction: 
Chemical Disinfection  . . . . 123

7.3.2.1.12 Biohazard Reduction: 
Steam Autoclave 
Sterilization  . . . . . . . . . . . . 124

7.3.2.1.13 Biohazard Reduction:
Preservation . . . . . . . . . . . . 124

7.3.2.2 Volume or Quantity Reduction 
Methods. . . . . . . . . . . . . . . . . . . . . . . . . 125
7.3.2.2.1 Minimization  . . . . . . . . . . . 125
7.3.2.2.2 Compaction . . . . . . . . . . . . . 126
7.3.2.2.3 Concentration . . . . . . . . . . . 127
7.3.2.2.4 Decontamination of 

Surfaces Before Disposal . . 128
7.3.2.2.5 Other Volume Reduction

Techniques for Biological
Wastes . . . . . . . . . . . . . . . . . 128

7.3.2.2.6 Other Volume Reduction
Techniques for Biological
Wastes: Drying . . . . . . . . . . 129

7.3.2.2.7 Other Volume Reduction
Techniques for Biological
Wastes: Biological 
Reduction  . . . . . . . . . . . . . . 129



CONTENTS   /   xi

7.3.2.2.8 Other Volume Reduction
Techniques for Biological
Wastes: Grinding and
Shredding . . . . . . . . . . . . . . 129

7.3.2.2.9 Other Volume Reduction
Techniques for Biological
Wastes: Alkaline 
Hydrolysis  . . . . . . . . . . . . . 130

7.3.2.3 Thermal Treatment . . . . . . . . . . . . . . . 130
7.3.2.3.1 Incineration . . . . . . . . . . . . 130
7.3.2.3.2 Other Thermal Processes:

Plasma Arc . . . . . . . . . . . . . 132
7.3.2.4 Mobility Reduction Methods . . . . . . . . 132

7.3.2.4.1 Amalgamation . . . . . . . . . . 133
7.3.2.4.2 Controlling Effects of 

Chelating Agents . . . . . . . . 133
7.3.2.4.3 Microencapsulation 

(Sealing) . . . . . . . . . . . . . . . 134
7.3.2.4.4 Stabilization . . . . . . . . . . . . 134
7.3.2.4.5 Shielding  . . . . . . . . . . . . . . 135
7.3.2.4.6 Vitrification  . . . . . . . . . . . . 135

8. Designing Facilities for Waste Minimization. . . . . . . . 137
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
8.2 Waste Minimization Objectives in Facility Design . . . 137
8.3 Approaches to Facility Development  . . . . . . . . . . . . . . 138

8.3.1 Use of Life-Cycle Modeling  . . . . . . . . . . . . . . . . 139
8.3.2 Systems Engineering . . . . . . . . . . . . . . . . . . . . . 140
8.3.3 General Design Considerations for Pollution

Prevention  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
8.3.3.1 Facility Features that Accommodate 

Optimized Processes  . . . . . . . . . . . . . . 140
8.3.3.2 Selection of Construction Materials . . 141
8.3.3.3 Isolated Sources of Potential 

Contamination . . . . . . . . . . . . . . . . . . . 141
8.3.3.4 Facilitated Eventual 

Decontamination . . . . . . . . . . . . . . . . . 141
8.4 Pollution Prevention Design Considerations for 

Laboratory and Small Institutional Generators  . . . . . 142
8.4.1 Laboratory and Other Satellite Collection and

Accumulation Areas . . . . . . . . . . . . . . . . . . . . . . 143



xii   /   CONTENTS

8.4.1.1 Consideration Should be Given to the
Number, Type and Size of Collection 
and Accumulation Areas  . . . . . . . . . . . 144

8.4.1.2 Minimizing the Potential for 
Contaminating Storage and 
Accumulation Areas . . . . . . . . . . . . . . . 145

8.4.1.3 Secondary Containment for Liquid 
Waste Container Storage . . . . . . . . . . . 145

8.4.1.4 Appropriate Identification for Waste 
Accumulation Areas . . . . . . . . . . . . . . . 146

8.4.1.5 Special Considerations for Liquid 
Scintillation Counting Areas . . . . . . . . 146

8.4.1.6 Additional Considerations for Low-
Level Radioactive Waste 
Accumulation Areas . . . . . . . . . . . . . . . 146

8.4.1.7 Additional Considerations for Low-
Level Mixed Waste Accumulation
Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8.4.2 Temporary Waste Staging Areas Outside
Laboratories  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

8.4.3 Central Marshaling and Processing Areas . . . . 149
8.4.4 Treatment, Storage and Disposal Facilities 

for Low-Level Mixed Waste . . . . . . . . . . . . . . . . 151
8.5 Minimization of Wastes from Facility 

Decommissioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
8.6 Technologies for Minimization of Wastes from 

Decommissioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

9. Unresolved Issues that Adversely Impact Waste 
Minimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
9.1 General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
9.2 Regulatory Barriers to Effective Management. . . . . . . 162

9.2.1 Factors Contributing to Regulatory 
Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
9.2.1.1 Public/Community Opposition. . . . . . . 163
9.2.1.2 Dual Regulatory System for Low-

Level Mixed Waste . . . . . . . . . . . . . . . . 164
9.2.1.3 Coordination Between Regulatory 

Agencies  . . . . . . . . . . . . . . . . . . . . . . . . 164
9.2.1.4 Differing Risk Management

Philosophies  . . . . . . . . . . . . . . . . . . . . . 164



CONTENTS   /   xiii

9.2.1.5 Inconsistent Waste Minimization 
Policy. . . . . . . . . . . . . . . . . . . . . . . . . . . 165

9.2.1.6 Lack of Consistent Risk Assessment 
Methods in Low-Level Mixed Waste 
Regulation  . . . . . . . . . . . . . . . . . . . . . . 165

9.2.1.7 Concurrent Regulation by Federal 
and State Agencies. . . . . . . . . . . . . . . . 165

9.2.1.8 Lack of Consistent Medical Waste 
Regulations. . . . . . . . . . . . . . . . . . . . . . 165

9.2.2 Examples of Specific Areas Where EPA
and/or NRC Regulatory Change is Needed 
Under the Atomic Energy Act . . . . . . . . . . . . . . 166
9.2.2.1 Unrestricted Release Limits for 

Radionuclides in Solid Waste  . . . . . . . 166
9.2.2.2 Unrestricted Release Limits for 

Radionuclides in Materials to be 
Recycled  . . . . . . . . . . . . . . . . . . . . . . . . 168

9.2.2.3 Expansion of Deregulated Rule to 
Include all Wastes Regardless of 
Generation Process  . . . . . . . . . . . . . . . 168

9.2.2.4 Exemption of Very Low-Level Mixed
Waste for Disposition at Hazardous 
Waste Treatment, Storage and 
Disposal Facilities  . . . . . . . . . . . . . . . . 169

9.2.2.5 Solubility Rule Needs Clarification 
to Facilitate Disposal via Sanitary 
Sewer  . . . . . . . . . . . . . . . . . . . . . . . . . . 169

9.2.3 Examples of Specific Areas Where EPA
Regulatory Change is Needed Under the 
Resource Conservation and Recovery Act. . . . . 170
9.2.3.1 Need for Uniform Implementation of 

Regulations Among EPA Regions and
States . . . . . . . . . . . . . . . . . . . . . . . . . . 170

9.2.3.2 EPA Regions and States Allowance 
for Decay-in-Storage Without 
Resource Conservation and Recovery 
Act Permit  . . . . . . . . . . . . . . . . . . . . . . 171

9.2.3.3 Clarification of Authorization to Treat
Low-Level Mixed Waste in Containers
Without Permits. . . . . . . . . . . . . . . . . . 171



xiv   /   CONTENTS

9.2.3.4 Allow Centralized Collection and 
Treatment of Wastes Within the Same
Institution. . . . . . . . . . . . . . . . . . . . . . . 172

9.2.3.5 Allow Return of Treatment Residues 
to the Generator . . . . . . . . . . . . . . . . . . 172

9.2.3.6 Modification of Approved Analytical 
Methods to Meet Waste Minimization
Objectives . . . . . . . . . . . . . . . . . . . . . . . 173

9.3 Infrastructure Issues Unique to Small Institutional 
Generators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

9.4 Need for an Adequate and Reasonable Waste 
Recycling, Treatment and Disposal Infrastructure . . . 174
9.4.1 Availability of Commercial Low-Level Mixed

Waste Management Facilities . . . . . . . . . . . . . . 174
9.4.2 Slow Development of Commercial Disposal 

Sites for Low-Level Radioactive Waste and
Low-Level Mixed Waste . . . . . . . . . . . . . . . . . . . 175

9.4.3 Need to Clarify Waste Classification and
Permitting Issues for New Sites  . . . . . . . . . . . . 176

9.4.4 Disposal Costs as a Driver for Volume 
Reduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

9.5 Technological Barriers . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Appendix A. Examples of the Implementation of Effective 
Waste Minimization Programs. . . . . . . . . . . . . . . . . . . . . 178
A.1 Low-Level Radioactive Waste Broad Licensee 

Example—A Large University (Massachusetts 
Institute of Technology) . . . . . . . . . . . . . . . . . . . . . . . .  178
A.1.1 Dry Solid Waste  . . . . . . . . . . . . . . . . . . . . . . . . . 179
A.1.2 Aqueous Liquids . . . . . . . . . . . . . . . . . . . . . . . . . 179
A.1.3 Organic Liquids  . . . . . . . . . . . . . . . . . . . . . . . . . 180
A.1.4 Liquid Scintillation Wastes . . . . . . . . . . . . . . . . 180
A.1.5 Animal Carcasses/Bedding. . . . . . . . . . . . . . . . . 180
A.1.6 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

A.2 Low-Level Mixed Waste Example—National 
Institutes of Health  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

A.3 References for Examples of the Effective 
Implementation of Waste Minimization Programs 
for Various Types of Generators . . . . . . . . . . . . . . . . . . 182

Glossary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183



CONTENTS   /   xv

Acronyms and Abbreviations  . . . . . . . . . . . . . . . . . . . . . . . . 190

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

The NCRP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

NCRP Publications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227




