
Contents

Part I Fundamental Background

1 Introduction............................................................................................  3
1.1 The Concept of Sustainable Development...................................... 3
1.2 Sustainability in the Context of Solid Waste Collection and

Management....................................................................................  5
1.3 The Framework for Sustainability Assessment............................... 6
1.4 The Structure of This Book............................................................  8
References................................................................................................  10

2 Prevention and Reuse: Waste Hierarchy Steps Before Waste
Collection.................................................................................................  13
2.1 Waste Hierarchy Principle: Saving Materials Before Becoming

Waste...............................................................................................  13
2.2 Waste Prevention............................................................................. 16
2.3 Products and Goods Reuse.............................................................. 19
2.4 Final Remarks.................................................................................  21
References................................................................................................  21

3 Technology Status of Waste Collection Systems.................................  25
3.1 Waste Collection.............................................................................  25

3.1.1 Waste Collection Role.....................................................  25
3.1.2 Waste Collection Systems................................................ 27

3.2 Waste Collection System Classification.......................................... 28
3.2.1 State of the A rt................................................................  29
3.2.2 Waste Collection System Types......................................  32

References................................................................................................. 42

4 Preparation for Reusing, Recycling, Recovering, and Landfilling:
Waste Hierarchy Steps After Waste Collection..................................  45
4.1 Waste Hierarchy Principle: All After Becoming Waste.................  45
4.2 Preparing for Reuse.........................................................................  47

vii



4.3 Recycling...............................................................................................  48
4.3.1 Upcycling.............................................................................  49
4.3.2 Recycling..............................................................................  50
4.3.3 Downcycling........................................................................  50
4.3.4 Recycling Challenges.......................................................... 51
4.3.5 Remarks................................................................................  52

4.4 Other Recovery.....................................................................................  53
4.5 Disposal.................................................................................................. 55
4.6 Final Remarks........................................................................................ 56
References.......................................................................................................  57

5 Economic Perspective..................................................................................  61
5.1 International Legislation on W aste.....................................................  61

Basel Convention..................................................................................  61
5.1.1 European Union Waste Policies........................................  63

5.2 National Waste Regulation in European Union Countries..............  63
Batteries and Accumulators.................................................................  65
5.2.1 End-of-Life Vehicles (ELY)............................................... 66
5.2.2 Packaging W aste.................................................................. 67
5.2.3 Waste Electrical and Electronic Equipment.....................  68
5.2.4 Waste O ils............................................................................  69

5.3 Final Remarks.......................................................................................  69
References.......................................................................................................  70

6 Psychosocial Perspective.............................................................................  73
6.1 Contributions of Social Psychology to Source Separate Waste

Collection...............................................................................................  73
6.2 Determining Factors of Recycling Behaviors...................................  74
6.3 Understanding and Predicting Models of Recycling Behaviors . .  . 76

6.3.1 Schwartz Model of Altruistic Behavior............................  77
6.3.2 Theory of Reasoned Action and Theory of Planned

Behavior................................................................................ 78
6.4 Strategies to Change Behaviors and Their Evaluation.....................  81
6.5 Current Limitations and Future Perspectives for Social

Psychology............................................................................................. 86
References.......................................................................................................  89

7 Economic Perspective..................................................................................  95
7.1 Waste Collection Costs........................................................................  95

7.1.1 Investment Costs (CAPEX)................................................ 103
7.1.2 Operating and Maintenance Costs (O&M )....................... 106

7.2 Financial Concerns of Waste Management Systems
and Instruments of Waste Policy........................................................  108

7.3 Public and Private Sector Financing................................................... 116
References.......................................................................................................  119

8 Environmental C ontext...............................................................................  123
8.1 Environmental Context of Twenty-First Century.............................  123

8.1.1 Globalization and Economic Growth................................ 124
8.1.2 Megacities, Eco-cities, and Industrial

Symbiosis at Cities..............................................................  126
8.1.3 Climate Change...................................................................  128

8.2 Sustainability and Circular Economy Considerations......................  129
8.3 Adaptive Management Strategies for Waste Collection

Systems..................................................................................................  13 ]
8.4 Final Remarks.......................................................................................  134
References.......................................................................................................  135

Part II Models and Tools for Waste Collection

9 Design and Planning of Waste Collection System ................................. 141
9.1 Waste Generation Estimation..............................................................  141

9.1.1 Time Series........................................................................... 143
9.1.2 Forecast Accuracy...............................................................  144
9.1.3 Linear and Multiple Linear Regression M odels..............  146
9.1.4 Advanced Forecast M odels................................................  146
9.1.5 Case Study: Using Time-Series Models

to Estimate MSW in Kaunas, Lithuania...........................  147
9.2 Waste Collection System Planning and Selection............................  148

9.2.1 Factors to Consider When Planning a Collection
System................................................................................... 149

9.2.2 Factors to Consider When Selecting WCS Devices . . . .  150
9.3 The Role of GIS in Waste Collection Planning................................  152

9.3.1 Routes Definition................................................................. 153
9.3.2 Case Study: Minimizing Operational Costs

and Pollutant Emission in Collection Routes Using GIS 156
9.4 Conclusion.............................................................................................  157
Appendix A: Forecasting M ethods..............................................................  158

A.l: Naive Forecast M odel.................................................................  158
A.2: Moving-Average M odels............................................................  158
A.3: Exponential Smoothing M odel................................................... 159
A.4: Holt’s M odel................................................................................. 159
A.5: Holt-Winters M ethod................................................................... 160
A. 6: ARIMA Models......................................................................  160

Appendix B: Measures of Accuracy............................................................  161
B. 1 : Mean Absolute Error (MAE)......................................................  161
B.2: Geometric Mean Absolute Error (GMAE)................................ 161
B.3: Mean Square Error (M SE)..........................................................  162
B.4: Mean Absolute Percentage Error (MAPE)................................ 162
В.5: Geometric Mean Relative Absolute Error (GMRAE).............  162



x

Appendix C: Linear Regression Models...................................................
C. 1 : Simple Linear Regression Model.............................................
C.2: Multiple Linear Regression Model...........................................

References...................................................................................................

10 Operation and Monitoring......................................................................
10.1 Descriptive Indicators...................................................................... ^
10.2 Performance Indicators....................................................................

10.2.1 Technical-Operative and Logistics Indicators...............  lo»
10.2.2 Case Study. Calculating Waste Volume 

Weight Inside the Container and Emptying
Time in Greater Lisbon Area, Portugal.........................  171

10.3 Economic Indicators..................................................... ..................
10.4 Environmental Indicators................................................................
10.5 Social Indicators............................................................................... 179
10.6 Final Remarks..................................................................................  lgQ
References...................................................................................................

11 Assessment and Improvement................................................................  ! ̂
11.1 Life Cycle Assessment and Carbon Footprint...............................

11.1.1 Goal and Scope Definition.............................................  |
11.1.2 Life Cycle Inventory....................................................... 1
11.1.3 Life Cycle Impact Assessment.......................................  1
11.1.4 Interpretation...................................................................
11.1.5 LCA Software.................................................................
11.1.6 Carbon Footprint.............................................................

11.2 Life Cycle Costing...........................................................................
11.3 Social Life Cycle Assessment.........................................................
11.4 Behavior Studies and Awareness Campaigns................................ '
11.5 Final Remarks..................................................................................  199
References...................................................................................................

Part III Sustainable Solid Waste Collection: Integrated Perspective 

12 Optimization in Waste Collection to Reach Sustainable Waste ^
Management............................................................................................... „ 0 7
12.1 Introduction......................................................................................
12.2 Single Objective Models.................................................................

12.2.1 Linear Programming Model...........................................
12.2.2 Mixed-Integer Linear Programming..............................  21U
12.2.3 Stochastic Programming.................................................  ^
12.2.4 Nonlinear Programming.................................................  ^
12.2.5 Solving a Linear Programming Model...........................  ^

12.3 Some Special Problems...................................................................
12.3.1 Traveling Salesman Problem..........................................
12.3.2 Vehicle Routing Problem...............................................  218

12.3.3 Chinese Postman Problem.........................................
12.3.4 Transportation Problem..............................................
12.3.5 Location Problem.......................................................

12.4 Multiple Objectives.....................................................................
12.4.1 Lexicographic Method...............................................
12.4.2 Weighted Sum Method..............................................
12.4.3 Distance Minimization to the Ideal Point.................
12.4.4 e-Constraint Method...................................................
12.4.5 Iterative Methods........................................................

12.5 Case Study 1 : Integrated Assessment of a New 
Waste-to-Energy Facility in Central Greece in the Context
of Regional Perspectives.............................................................

12.6 Case Study 2: A Recovery Network for WEEE -  A
Sustainable Design......................................................................
12.6.1 The Current Network.................................................
12.6.2 The Optimal Network................................................
12.6.3 Scenario Comparison.................................................
12.6.4 Multi-Objective Analysis...........................................

12.7 Final Remarks.............................................................................
References...............................................................................................

13 Multi-criteria Decision-Making in Waste Collection to Reach
Sustainable Waste Management........................................................
13.1 Introduction.................................................................................
13.2 Generic Multi-Criteria Analysis Methodology.........................
13.3 Multi-Criteria Decision Aid Methods........................................

13.3.1 Simple Additive Weighting (SAW)..........................
13.3.2 Analytic Hierarchy Process (AHP)...........................
13.3.3 TOPSIS.......................................................................
13.3.4 PROMETHEE............................................................
13.3.5 ELECTRE.................................................................
13.3.6 Comparison of MCDA Methods.............................

13.4 Sensitivity Analysis..................................................................
13.5 MCDA Software.......................................................................
13.6 Dealing with Multiple Stakeholders in the Decision-Making

Process .......................................................................................
13.7 MCDA Case Studies.................................................................

13.7.1 Multi-criteria Decision Analysis for Waste
Management in Saharawi Refugee Camps.............

13.7.2 Multi-Criteria Analysis as a Tool for Sustainability
Assessment of a Waste Management Model..........

13.7.3 Ranking Municipal Solid Waste Treatment 
Alternatives Based on Ecological Footprint
and Multi-criteria Analysis......................................



Appendix C: Linear Regression M odels.................................................
C .l: Simple Linear Regression M odel..........................................
C.2: Multiple Linear Regression M odel.......................................

References..................................................................................................

10 Operation and Monitoring....................................................................
10.1 Descriptive Indicators...................................................................
10.2 Performance Indicators.................................................................

10.2.1 Technical-Operative and Logistics Indicators...........
10.2.2 Case Study: Calculating Waste Volume 

Weight Inside the Container and Emptying
Time in Greater Lisbon Area, Portugal.....................

10.3 Economic Indicators......................................................................
10.4 Environmental Indicators..............................................................
10.5 Social Indicators............................................................................
10.6 Final Remarks................................................................................
References..................................................................................................

11 Assessment and Improvement..............................................................
11.1 Life Cycle Assessment and Carbon Footprint...........................

11.1.1 Goal and Scope Definition..........................................
11.1.2 Life Cycle Inventory.....................................................
11.1.3 Life Cycle Impact Assessment...................................
11.1.4 Interpretation.................................................................
11.1.5 LCA Software...............................................................
11.1.6 Carbon Footprint..........................................................

11.2 Life Cycle Costing......................................................................
11.3 Social Life Cycle Assessment...................................................
11.4 Behavior Studies and Awareness Campaigns............................
11.5 Final Remarks..............................................................................
References................................................................................................

Part HI Sustainable Solid Waste Collection: Integrated Perspective

12 Optimization in Waste Collection to Reach Sustainable Waste
Management...........................................................................................
12.1 Introduction..................................................................................
12.2 Single Objective Models............................................................

12.2.1 Linear Programming M odel.....................................
12.2.2 Mixed-Integer Linear Programming........................
12.2.3 Stochastic Programming............................................
12.2.4 Nonlinear Programming.............................................
12.2.5 Solving a Linear Programming M odel....................

12.3 Some Special Problems..............................................................
12.3.1 Traveling Salesman Problem....................................
12.3.2 Vehicle Routing Problem..........................................

162
162
163
164

167
167
168
168

171
175
178
179
179
180

183
183
184
188
189
191
192
192
193
194
197
198
199

207
207
208
208
210
212
214
215
215
216
218

Contents

12 3 3 Chinese Postman Problem................................................  220
12 3.4 Transportation Problem.....................................................  222
12.3.5 Location Problem...............................................................  223

12.4 Multiple Objectives.............................................................................  224
12.4.1 Lexicographic M ethod......................................................  226
12.4.2 Weighted Sum M ethod.....................................................  227
12.4.3 Distance Minimization to the Ideal Point....................... 227
12.4.4 e-Constraint M ethod.......................................................... 229
12.4.5 Iterative Methods...............................................................  230

12 5 Case Study 1: Integrated Assessment of a New
Waste-to-Energy Facility in Central Greece in the Context 
of Regional Perspectives.................................................................... 230

12.6 Case Study 2: A Recovery Network for WEEE -  A
Sustainable Design.............................................................................  231
12.6.1 The Current Network........................................................  232
12.6.2 The Optimal Network.......................................................  233
12.6.3 Scenario Comparison........................................................  234
12.6.4 Multi-Objective Analysis.................................................. 234

12.7 Final Remarks.....................................................................................  235
References.......................................................................................................  236

13 Multi-criteria Decision-Making in W aste Collection to Reach
Sustainable Waste M anagem ent...............................................................  239
13.1 Introduction.........................................................................................  239
13.2 Generic Multi-Criteria Analysis Methodology...............................  241
13.3 Multi-Criteria Decision Aid M ethods..............................................  242

13.3.1 Simple Additive Weighting (SAW )................................  243
13.3.2 Analytic Hierarchy Process (AHP).................................  243
13.3.3 TOPSIS...............................................................................  244
13.3.4 PROMETHEE...................................................................  245
13.3.5 ELECTRE..........................................................................  245
13.3.6 Comparison of MCDA Methods.....................................  246

13.4 Sensitivity Analysis............................................................................  246
13.5 MCDA Software.................................................................................  250
13.6 Dealing with Multiple Stakeholders in the Decision-Making

Process.................................................................................................  251
13.7 MCDA Case Studies..........................................................................  252

13.7.1 Multi-criteria Decision Analysis for Waste
Management in Saharawi Refugee Camps..................... 253

13.7.2 Multi-Criteria Analysis as a Tool for Sustainability
Assessment of a Waste Management M odel................... 254

13.7.3 Ranking Municipal Solid Waste Treatment 
Alternatives Based on Ecological Footprint
and Multi-criteria Analysis...............................................  255



xii

13.7.4 An AHP-Based Fuzzy Interval TOPSIS Assessment 
for Sustainable Expansion of the Solid Waste 
Management System in Setúbal Peninsula, Portugal. .

13.7.5 Assessment Strategies for Municipal Selective Waste
Collection Schemes...........................................................

13.8 Final Remarks....................................................................................
References.......................................................................................................

256

257
258
259

14 A Sustainable Reverse Logistics System: A Retrofit C ase ..................  261
14.1 Introduction......................................................................................... 261
14.2 Sustainability Objectives...................................................................  263
14.3 Modeling and Solution Approach....................................................  264
14.4 Results and Analysis..........................................................................  266

14.4.1 Routes Generation............................................................. 266
14.4.2 Sustainable Collection System......................................... 267

14.5 Conclusion..........................................................................................  272
Annex A: Multi-objective Formulation for the MDPVRPI.......................  273
Annex B: Solution Procedure.......................................................................  277

B .l Step 1: Routes Generation Procedure.......................................  277
B.2 Step 2: Solution Method for the Multi-objective Problem. . 282

References....................................................................................................... 28«

15 Collection of Used or Unrecoverable Products: The Case 
of Used Cooking O il.................................................................
15.1 Introduction.....................................................................
15.2 Company Current Operation M ode..............................
15.3 The New Collection Network.......................................

15.3.1 If the Current Network Is Optimized..........
15.3.2 Network Expansion.......................................

15.4 Conclusions.....................................................................
Annex A ......................................................................................
References.................................................................................

287
287
289
291
291
293
299
299
303

Part IV Challenges and Perspectives for Sustainable Waste 
Management Through Waste Collection

16 The Evolution of the Waste Collection....................................................
16.1 Definition of Integrated Waste Collection Concept.......................
16.2 The Functioning of the Integrated Waste Collection ( IWC). . . .

16.2.1 How Collection Interacts with Waste Prevention..........
16.2.2 How Collection Interacts with Preparation for Reuse. .
16.2.3 How Collection Interacts with Sorting for Recycling . .
16.2.4 How Collection Interacts with Biological Treatment. .
16.2.5 How Collection Interacts with Energy Recovery.........
16.2.6 How Collection Interacts with Disposal........................

307
307
310
310
311
312
313 
316 
318

Contents

i a 4 Sustainability in Integrated Waste Collection..................................  318
16 4 Final Remarks...................................................................................... 319
1 37ПReferences.......................................................................................................
Trend Analysis on Sustainable W aste Collection.................................. 323
17.1 Reverse Logistics................................................................................ 323
17.2 Crowd Logistics.................................................................................. 328
17.3 Physical Internet.................................................................................  329
17.4 Freight on Transit...............................................................................  330
17.5 Final Remarks.....................................................................................  331
References....................................................................................................... 331

18 Technical Barriers and Socioeconomic Challenges..............................  335
18.1 Developed Countries........................................................................... 335

18.1.1 Advancements in Environmental Informatics................  335
18.1.2 Advancements in Information and Communication

Technology......................................................................... 336
18.1.3 Waste Infrastructure Synergies........................................  337
18.1.4 Reaching All-in-One: Citizens Satisfied 

and Participative, Cost Affordable, and Low 
Environmental Impact of the Waste Management
System................................................................................  338

18.2 Developing Countries........................................................................  339
Basics on Waste Collection System Are Still

* in Development...................................................................................  339
18.2.1 The Conversion of Informal Sector into Formal

Waste Management Sector...............................................  340
18.2.2 The Importation of Hazardous Waste and Trade

of Hazardous W aste..........................................................  342
18.2.3 Public Health Related to Mismanagement of Waste

and Its Dependents............................................................  343
18.2.4 Social Apathy for Participation........................................ 344

18.3 Final Remarks...................................................................................... 345
References.......................................................................................................  345

19 Future Perspectives...................................................................................... 349
19.1 The Goals of the 2030 Agenda for Sustainable Development. . . 349

19.1.1 SGD 1 “No Poverty” and SW M ...................................... 350
19.1.2 SDG 2: Zero Hunger......................................................... 350
19.1.3 SDG 3: Good Health and Well-being..............................  351
19.1.4 SDG 6: Clean Water and Sanitation................................  351
19.1.5 SDG 7: Affordable and Clean Energy.............................  352
19.1.6 SDG 8: Decent Work and Economic Growth................. 352
19.1.7 SGD 9: bdustry. Innovation, and Infrastructure............ 354
19.1.8 SDG 11: Sustainable Cities.............................................. 354
19.1.9 SDG 12: Responsible Consumption and Production . . 355



19.1.10 SDG 13: Climate Action................................................  356
19.1.11 SDG 14: Life Below W ater............................................ 357
19.1.12 SDG 15: Life on L and....................................................  358
19.1.13 SDG 17: Partnerships......................................................  358

19.2 Final Remarks....................................................................................  359
References.......................................................................................................

Index........................................................................................................................


