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Preface

It has been a maxim of many years’ standing that the goals of industry are incompati-
ble with the preservation and enhancement of the environment. It is unclear whether
that maxim was ever true in the past, but there is certainly no question that it is untrue
today. The more forward-looking corporations and the more forward-looking nations
recognize that providing a suitable quality of life for Earth’s citizens will involve not
less industrial activity but more, not less reliance on new technologies but more, not
less interaction of technology with society but more, and that providing a sustainable
world will require close attention to industry—environment interactions. This aware-
ness of corporations, of citizens, and of governments promises to ensure that corpora-
tions that adopt responsible approaches to industrial activities will not only avoid
problems but will benefit from their foresight.

Indeed, the involvement of industry is crucial if the world is to achieve sustain-
able development. Robert Sievers of the University of Colorado points out that gov-
ernments have many critical short-term issues demanding their attention: achieving
economic stability, feeding growing populations, establishing politically viable nations,
making the transition from centrally controlled to free market economies, and so
forth. The activities of many governments may thus be rather insular for the foresee-
able future. At the same time, corporations are increasingly multinational, have longer
time horizons, and depend for their survival and prosperity on relatively stable global
business conditions and on responding to the desires and concerns of many different
cultures and populations. Private firms, not governments, choose, develop, implement,
and understand technology. Hence, responsible corporations may turn out to be
among the global leaders in the transition between nonsustainable and sustainable de-
velopment, but they will need the help of governments and nongovernmental organi-
zations in establishing broad, insightful approaches and frameworks to the complex
interactions that are involved.
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Preface

There are three time scales of significance in examining the interactions of industry
and environment. The first is that of the past, and concerns itself almost entirely with
remedies for dealing with inappropriate disposal of industrial wastes. The second time
scale is that of the present, and deals largely with complying with regulations, with pre-
venting the obvious mistakes of the past, and with conducting responsible operations.
Hence, it emphasizes waste minimization, avoidance of known toxic chemicals, and “end-
of-pipe” control of emissions to air, water, and soil. Corporate environment and safety
personnel are often involved, as are manufacturing personnel, in making small to modest
changes to processes that have proved their worth over the years. On neither of these
time scales do today’s industrial process designers and engineers play a significant role.

The third time scale is that of the future. The industrial products, processes, and
services that are being designed and developed today will dictate a large fraction of the
industry—environment interactions over the next few decades. Thus, process and prod-
uct design engineers hold much of the future of industry—environment interactions in
their hands, and nearly all are favorably disposed toward doing their jobs with the en-
vironment in mind.

Their problem is that doing so requires knowledge and perspective never given
to them during their college or professional educations and not readily available in
their current positions. Remedying this situation for the students and technological
professionals of today and tomorrow is the primary focus of this book. In addition, we
have crafted the book so that it will be a useful addition to curricula in policy, business,
environmental science, law, and other related specialties, since it is equally important
that students and professionals in those disciplines understand more about technol-
ogy’s role in mitigating or contributing to environmental problems.

Industrial ecology, which we define in Chapter 2, is a modern approach to think-
ing about economy—environment interactions. As applied to manufacturing, it requires
familiarity with industrial activities, environmental processes, and societal interac-
tions, a combination of specialties that is rare. Accordingly, we have purposely at-
tempted to make this volume useful for those whose primary background is industrial,
environmental, or societal, or for those who interact with specialists in those disci-
plines. Many chapters include discussions of common industrial approaches to the
issue being discussed as well as perspective on the environmental impacts produced.
For the latter, we emphasize impacts on long time and space scales, as shorter horizons
are often better recognized and better regulated either internally or externally. The
approaches differ depending on the venue, but all in all, industrial ecology is about
ways to transform environmental goals into reality.

The book is divided into five sections. The first provides a brief definition of the
topic and outlines the approach of the book. The second, the Physical, Biological, and So-
cietal Framework, describes the playing field on which industrial ecology operates, and
the opportunities and constraints that each of these areas provides. In the third section,
Design for Environment, topics central to the designers of products, processes, and ser-
vices are discussed: energy, materials, product delivery and use, end of life. The central
concept of life-cycle assessment is introduced here in some detail. The fourth section, Cor-
porate Industrial Ecology, addresses the implementation of industrial ecology within the
corporate environment. The final section, Systems-Level Industrial Ecology, deals with is-
sues broader than a design, a factory, or a corporation, as we discuss industrial ecosystems,
resource analysis, models and predictions, and Earth system science and engineering.



Preface  xix

We have purposely mixed the philosophical with the practical. Avoiding that mix
creates a textual product that is easier to write and easier to comprehend, but one that
is much less relevant. The essence of industrial ecology is that it is the combination of
technology with society, and that combination has many facets and many implications.
The industrial ecologist needs to appreciate corporate and societal interactions, and to
understand something of the interactions of industrial activity with the environment.
Only at that point is there a logical framework in which to place goals and techniques.

We have been gratified at the reception given to the first edition of this book. It
was published in 1995, at a time when industrial ecology was a young field searching
for definition, approaches, and tools. Our attempt to fill this need was inevitably pre-
liminary. Nonetheless, several thousand students and professionals used the book;
Sukehiro Gotoh of Japan’s National Institute for Research on the Environment trans-
lated it into Japanese; and several thousand students and professionals acquired our
subsequent books, Design for Environment (1995), Industrial Ecology and the Auto-
mobile (1998), Streamlined Life-Cycle Assessment (1998) (T.E.G. only), and
Industrial Ecology: Policy Framework and Implications (1999) (B.R.A. only), all pub-
lished by Prentice Hall. During these few years, the field has begun its own archival
publication, the Jourr.al of Industrial Ecology, and has formed the International Soci-
ety of Industrial Ecology. The vigor and lasting nature of industrial ecology is now
unmistakable.

As industrial ecology has developed, ideas that were embryonic a decade ago
have matured, and new ways of approaching technology-environment interactions
have emerged. Accordingly, we spend significant parts of this edition of the book on
topics completely unaddressed in the first edition: the relevance of biological ecology,
indicators and metrics, the service sector, industrial symbiosis, systems analysis, and
scenario development, to name a few. In a textbook for a mature field, these additions
would be largely a synthesis of the work of many. Industrial ecology is new enough and
its practitioners few enough, however, that parts of these topics represent our efforts
to define and describe areas not yet widely addressed, but appearing to hold consider-
able promise. These new areas seem likely to transform industrial ecology from a topic
centered rather narrowly on product design to one defining the parameters and path-
ways toward sustainable development. In the process, industrial ecology is becoming
increasingly interdisciplinary and ever more broadly relevant.

We are grateful to many people for their help during the preparation of this sec-
ond edition. Detailed reviews were performed by Arpad Horvath, University of Cali-
fornia, Berkeley, Timothy Considine, Pennsylvania State University, M. Bertram,
R. Gordon, R. Lifset, H. Rechberger, and S. Spatari, and the book is much the better
for their comments. For the use of illustrations and examples, we thank I Horkeby
(Volvo Car Corporation), and R. Tierney (Pratt & Whitney). We have appreciated our
interactions with the staff at Prentice Hall, especially Marcia Horton and Laura Fis-
cher, who have helped us produce what we feel is a most attractive book. Finally, we
thank AT&T, the AT&T and Lucent Foundations, the U.S. National Science Founda-
tion, and the U.S. National Academy of Engineering for their support of industrial
ecology initiatives; their help has been essential in the development of this new field.

T. E. GRAEDEL
B.R. ALLENBY



PART |

Contents

Preface xvii
INTRODUCING THE FIELD 1
Chapter 1 Humanity and Environment 1

Chapter 2

1.1 The Tragedy of the Commons 1

1.2 The Master Equation 5

1.3 The Grand Objectives 8
1.3.1 Linking the Grand Objectives to Environmental Science 9
1.3.2 Targeted Activities of Technological Societies 11
1.3.3 Actions for an Industrialized Society 12

1.4 Addressing the Challenge 14

Further Reading 15

Exercises 15

The Industrial Ecology Concept 17
2.1 From Contemporaneous Thinking to Forward Thinking 17
2.2 Linking Industrial Activity and Environmental
and Social Sciences 20
2.3 Key Questions of Industrial Ecology 21
24 AnOverview 21
Further Reading 23
Exercises 23



viii Contents

Chapter 3

Technological Change and Evolving Risk ‘
3.1 Historical Patterns in Technological Evolution 25
3.2 Approaches to Risk 30

3.3 Risk Assessment 33

34 Risk Communication 35

3.5 Risk Management 35

Further Reading 37

Exercises 38

PART Il THE PHYSICAL, BIOLOGICAL, AND SOCIETAL FRAMEWORK

Chapter 4

Chapter 5

Chapter 6

The Relevance of Biological Ecology to Technology

4.1 Considering the Analogy 39

4.2 Biological and Industrial Organisms 40

4.3 Food Chains: Networks of Nutrient and Energy Transfer 43
4.4 Population Ecology 47

4.5 Classification of Specific Linkages 49

4.6 The Utility of the Ecological Approach 52

Further Reading 54

Exercises 54

The Status of Resources
5.1 Introduction 55
5.2 Depletion Times and Underabundant Resources 55
5.3 Hitchhiker Resources 57
5.4 Energy Resources 58
5.4.1 Trading Energy for Mineral Resources 58
542 Energy Sources 538
5.4.3 Energy Resource Status 58
5.5 Energetically Limited Mineral Resources 60
5.6 Geographically Influenced Resource Availability 61
5.7 Environmentally Limited Resources 62
5.8 Cumulative Supply Curves 63
5.9 Water Resources 64
5.10 Summary 65
Further Reading 67
Exercises 67

Society and Culture

6.1 Society, Culture, and Industrial Ecology 68

6.2 Cultural Constructs and Temporal Scales 69
6.3 The Private Firm in a Social Context 72

6.4 Environmentalism, Technology, and Society 72
Further Reading 75

Exercises 76

25

39

39

55

68



Contents ix

Chapter 7 Governments, Laws, and Economics 77
7.1 National Governmental Structures and Actions 77
7.2 International Governance Considerations 80
7.3 Industrial Ecology and the Legal System 81
7.3.1 Fundamental Legal Issues 82
7.3.2 Legal Case Studies Relevant to Industrial Ecology 84
7.4 Economics and Industrial Ecology 86
7.4.1 Valuation 86
7.4.2 Discount Rates 87
7.4.3 Benefit-Cost Analysis 87
7.44 Green Accounting 88
7.4.5 Substitutability Versus Complementarity 89
7.4.6 Externalities 89
7.5 Finance, Capital, and Investment 90
Further Reading 92
Exercises 92

PART Il DESIGN FOR ENVIRONMENT 94

Chapter 8 Industrial Product Design and Development 94
8.1 The Product Design Challenge 94
8.2 Conceptual Tools for Product Designers 96
8.2.1 The Pugh Selection Matrix 96
8.2.2 The House of Quality 97
83 DesignforX 97
8.4 Product Design Teams 99
8.5 The Product Realization Process 101
Further Reading 103
Exercises 104

Chapter 9 Industrial Process Design and Operation 105
9.1 The Process Design Challenge 105
9.2 Pollution Prevention 106
9.3 The Challenge of Water Availability 109
9.4 The Process Life Cycle 111
9.4.1 Resource Provisioning 112
9.4.2 Process Implementation 112
9.4.3 Primary Process Operation 112
9.4.4 Complementary Process Operation 112
9.4.5 Refurbishment, Recycling, Disposal 113
9.5 The Approach to Process Analysis 113
9.5.1 The Process Itself 114
9.5.2 The Process Equipment 114
9.5.3 Complementary Processes 115
9.6 Guidelines for Process Design and Operation 115



X Contents

9.7 Implications for Corporations 116
Further Reading 116
Exercises 117

Chapter 10 Choosing Materials 118

10.1 Materials Selection Considerations 118

10.2 Materials and Environmental Hazards 119

10.3 Materials Sources and Principal Uses 121
10.3.1 Absolute Abundances 121
10.3.2 Impacts of Materials Extraction and Processing 122
10.3.3 Auvailability and Suitability of Post-Consumer Recycled

Materials 124

10.4 Materials Substitution 126

10.5 Multiparameter Materials Selection 128

10.6 Dematerialization 134

10.7 Material Selection Guidelines 134

Further Reading 136

Exercises 136

Chapter 11 Designing for Energy Efficiency 137
11.1 Energy and Industry 137
11.2 Primary Processing Industries 139
11.3 Intermediate Processing Industrics 140
11.4 Analyzing Energy Use 141
11.5 General Approaches to Minimizing Energy Use 144
11.5.1 Heating, Ventilating, and Air Conditioning (HVAC) 144
11.5.2 Lighting 144
11.5.3 On-Site Energy Generation 144
11.5.4 Energy Housekeeping 145
11.6 Summary 147
Further Reading 147
Exercises 148

Chapter 12 Product Delivery 149
12.1 Introduction 149
12.2 General Packaging Considerations 150
12.3 Solid Residue Considerations 151
12.4 Liquid and Gaseous Emission Considerations 155
12.5 Transportation and Installation 155
12.6 Discussion and Summary 156
Further Reading 157
Exercises 157

Chapter 13 Environmental Interactions During Product Use 158
13.1 Introduction 158
13.2 Solid Residue Generation During Product Use 158



13.3
13.4
13.5
13.6
13.7
13.8

Contents

Liquid Residue Generation During Product Use 159
Gaseous Residue Generation During Product Use 159
Energy Consumption During Product Use 160
Intentionally Dissipative Products 161
Unintentionally Dissipative Products 162

Design for Maintainability 162

Further Reading 165
Exercises 165

Chapter 14 Design for End of Life

14.1
14.2
14.3
14.4

14.5
14.6

Introduction 166

General End-of-Life Considerations 171
Remanufacturing 173

Recycling 173

14.4.1 Metals 173

14.4.2  Plastics 175

14.4.3 Forest Products 176
Fastening Parts Together 177
Planning for Recyclability 177

14.6.1 Design for Disassembly 177
14.6.2 Just-in-Case Designs 180
14.6.3 Priorities for Recyclability 180

Further Reading 182
Exercises 182

Chapter 15 An introduction to Life-Cycle Assessment

151
15.2
15.3
154

15.5

The Life Cycle of Industrial Products 183
The LCA Framework 186

Goal Setting and Scope Determination 188
Defining Boundaries 188

15.4.1 Life Stage Boundaries 189

15.4.2 Level of Detail Boundaries 189

15.4.3 The Natural Ecosystem Boundary 190
15.4.4 Boundaries in Space and Time 191
15.45 Choosing Boundaries 191
Approaches to Data Acquisition 191

Further Reading 196
Exercises 196

Chapter 16 The LCA Impact and Interpretation Stages

16.1
16.2
16.3

LCA Impact Analysis 197

Industrial Prioritization: The IVL/Voivo EPS System 198
Interpretation Analysis 204

16.3.1 Explicit and Implied Recommendations 204
16.3.2 Prioritization Tables 206

Xi

166

183

197



xii Contents

Chapter 17

Chapter 18

16.4 Prioritization Diagrams 207
16.4.1 The Action—-Agent Prioritization Diagram 207
16.4.2 The Life-Stage Prioritization Diagram 209
16.5 Discussion 210
Further Reading 211
Exercises 212

Streamlining the LCA Process 214
17.1 The Assessment Continuum 214

17.2 Preserving Perspective 215

17.3 The SLCA Matrix 216

174 Target Plots 218

17.5 Assessing Generic Automobiles of Yesterday and Today 218
17.6 SLCA Assets and Liabilities 224

17.7 Discussion 226

Further Reading 226

Exercises 227

Using the Corporate Industrial Ecology Toolbox 228
181 Stages and Scales in Industrial Environmental Management 228
182 The First Stage: Regulatory Compliance 228

18.3 The Second Stage: Pollution Prevention 229

18.4 The Third Stage: Design for Environment 230

18.5 Environmental Opportunities at the PRP Gates 231

18.6 The Industrial Ecology Mechanic and the Toolbox 234

18.7 Industrial Ecology Tools for the Service Sector 235

Further Reading 236

Exercises 236

PART IV CORPORATE INDUSTRIAL ECOLOGY 237

Chapter 19

Chapter 20

Managing Industrial Ecology in the Corporation 237
19.1 Overview 237
19.2 Environment as Strategic for the Firm 238
193 Implementing Industrial Ecology in the Corporation 239
19.3.1 Environmental Management Systems 240
19.3.2 Tactical Organizational Structures 242
19.3.3 Training Programs 242
19.3.4 Technical Support 242
19.3.5 The Triple Bottom Line 243
Further Reading 244
Exercises 244

Indicators and Metrics 245
20.1 The Importance of Indicators and Metrics 245
20.2 Metric Systems Dcvelopment 246



Chapter 21

Contents  Xxiii

20.3 Industry-Level Metrics 248

20.4 Metrics Displays and Metrics Aggregation 251
20.5 Hierarchical Metrics Systems 252

Further Reading 254

Exercises 254

Services Technology and Environment 256
21.1 Defining Services 256
21.1.1 Type Alpha Services: The Customer Comes
to the Service 258
21.1.2 Type Beta Services: The Service Goes
to the Customer 259
21.1.3 Type Gamma Services: Remote Provisioning 259
21.2 The Environmental Dimensions of Services 261
21.3 The Industrial Ecology of Service Firms 263
21.3.1 Leverage Suppliers 263
21.3.2 Educate Customers 264
21.3.3 Facilitate Environmentally Preferable Resource
and Product Use Patterns 264
21.3.4 Substitution of Services for Energy and Material Use 265
21.3.5 Services as a Source of Quality of Life 265
Further Reading 266
Exercises 266

PARTV SYSTEMS-LEVEL INDUSTRIAL ECOLOGY 268

Chapter 22

Chapter 23

Industrial Ecosystems 268
22.1 The Ecosystems Concept 268
222 Industrial Symbiosis 273
22.3 Designing and Developing Symbiotic
Industrial Ecosystems 275
22.4 Resource Flow in Industrial Ecosystems 277
22.5 Pattern and Scale in Industrial Ecosystems 279
22.6 The Utility of Mixed Ecological Approaches 281
Further Reading 283
Exercises 283

Metabolic and Resource Analyses 284
23.1 Budgets and Cycles 284
23.2 Metabolic Analyses in Industrial Ecology 289
23.3 Resource Analyses in Industrial Ecology 291
23.3.1 Elemental Analyses 292
23.3.2 Molecular Analyses 292
23.3.3 Substance Analyses 294
23.3.4 Material Analyses 294



Xiv

Contents

Chapter 24

Chapter 25

Chapter 26

23.4 The Balance Between Natural and Anthropogenic
Mobilization of Resources 296

23.5 The Utility of Metabolic and Resource Analyses 297

Further Reading 298

Exercises 298

Systems Analysis, Models, and Scenario Development
241 Thinking at the Systems Level 299
24.1.1 The Systems Concept 299
24.1.2 The Automotive Technology System 301
24.2 Models of Technological Systems 305
24.2.1 The Concept of a Model 305
24.2.2 Iron and Steel in the U.K.: A Model Example 306
24.2.3 Model Validation 306
243 Describing Possible Futures 308
24.3.1 The Utility of Scenarios 308
24.3.2 The IMAGE Model for Climate Change 309
24.3.3 IPCC 2000 Scenarios 311
24.4 Developing a Predictive Industrial Ecology 313
Further Reading 314
Exercises 315

Earth Systems Engineering and Management
25.1 Introducing the Concept 316
252 Examples of ESEM, Implemented and Proposed 317
25.2.1 Brownfields Restoration 317
25.2.2 Dredging the Waters 318
25.2.3 Restoring Regional-Scale Wetlands 318
25.2.4 Combating Global Warming 318
253 The Principles of ESEM 323
25.3.1 Theoretical Principles of ESEM 323
25.3.2 Governance Principles of ESEM 323
25.3.3 Design and Engineering Principles of ESEM 324
254 Facing the ESEM Question 324
Further Reading 326
Exercises 327

The Future of Industrial Ecology
26.1 Industrial Ecology in the Midst of Change 328
26.2 The Industrial Ecology Hardware Store 329
26.2.1 Tools for the Product and Process Designer 330
26.2.2 Tools for the Corporate Manager 330
26.2.3 Tools for the Service Provider 330
26.2.4 Tools for the Systematist 331
26.2.5 Tools for the Policy Maker 331

299

316

328



Contents

26.3 Industrial Ecology as an Evolving Science 331

26.4 An Industrial Ecology Research Roadmap 335
26.4.1 Theoretical Industrial Ecology Goals 336
26.4.2 Experimental Industrial Ecology Goals 336
26.4.3 Applied Industrial Ecology Goals 337

26.5 Redefining the Challenge 338

Further Reading 338

Appendix A Electronic Solder Alternatives: A Detailed Case Study

Appendix B Units of Measurement in Industrial Ecology

Glossary

Index

Xv

339
349
351
357



PART 1 Introducing the Field

1.1

CHAPTER 1

Humanity and Environment

THE TRAGEDY OF THE COMMONS

In 1968, Garrett Hardin of the University of California, Santa Barbara, published an
article in Science magazine that has become more famous with each passing year.
Hardin titled his article “The Tragedy of the Commons”; its principal argument was
that a society which permitted perfect freedom of action in activities that adversely in-
fluenced common properties was eventually doomed to failure. Hardin cited as an ex-
ample a community pasture area, used by any local herdsman who chooses to do so.
Each herdsman, seeking to maximize his financial well-being, concludes independently
that he should add animals to his herd. In doing so, he derives additional income from
his larger herd but is only weakly influenced by the effects of overgrazing, at least in
the short term. At some point, however, depending on the size and lushness of the
common pasture and the increasing population of animals, the overgrazing destroys
the pasture and disaster strikes all.

A modern version of the tragedy of the commons has been discussed by Harvey
Brooks of Harvard University. Brooks points out that the convenience, privacy, and
safety of travel by private automobile encourages each individual to drive to work,
school, or stores. At low levels of traffic density, this is a perfectly logical approach to
the demands of modern life. At some critical density, however, the road network com-
mons is incapable of dealing with the traffic, and the smallest disruption (a stalled ve-
hicle, a delivery truck, a minor accident) dooms drivers to minutes or hours of idleness,
the exact opposite of what they had in mind. Examples of frequent collapse of road
network commons systems are now legendary: Los Angeles, Tokyo, Naples, Bangkok,
Mexico City.



