Table of Contents

TABLE OF CONTENTS .tututetettererereresrerecnsesrereresesessessesssssersssssssssessssssssessssssssesassssssssesasassssasass |
LIST OF FIGURES ..cccuttiteieieirererereteerereceseererssesessesesssssseressssssssessssssssersssssssesessssssssesssnsassasass v
LIST OF TABLES ......ccottitieieieteetrerererteseresesesesesesereressssssssssssssasesesessssssssssasnsnseseserassssssnsanns Vil
LIST OF ABBREVIATIONS ...cucitiittterereriereresesereresereresessssssssssssssasesesessssssssssssssssesesesesassssssans IX
1 INTRODUCGTION. . iutetetterecntetrererecesesresecssesseresssessesessesssssessssssssesssssssssrsssssssssassssssssesasnss 1
1.1 CURRENT SITUATION .t ettt ettt ettt tetteetteettaeeesaeestneesaneessnersnnessanesssnsessneersnsersnsersaneessnsesnnes 1
1.2 PROBLEM STATEMENT ..ivtutiiiitiiiinietteeettertueeetaeesineeraneersntersnessaneessneesseessntersnsersnnersneersnns 4
1.3 RESEARCH OBJECTIVES «uevvunirtunerttniersneersneersneertstesssesessnsessnsessnnesssnessseesssseesssessnsessnsessneessnns 6
1.4 RESEARCH DESIGN. .. ittuniriieiiiieetiterteerteertieertstertteessnsessnsersnsesssserssessseessnsessnsessnnessneessnns 8
1.5 STRUCTURE OF THIS WORK eutittuniiiuniiiiieiueeetteeeeieetteeetneeraaeesanessnnseraneersneeransersaneersnsernnnes 9

2 STATE OF THE ART AN ALY SIS .. uiiiiiiiiiiiiittretererisietetereceseserereresessssssssasssnsnsasesasases 11
2.1 INTRODUCTION INTO THE BASIC TERMINOLOGY AND DEDUCTION OF REQUIREMENTS .....vvvneeennnes 11
2.1.1  Supply Chains and Distribution NEtWOIKS .............cceecueeeeesiuereesiiieesiiiieeessiireessiseneeessens 12
2.1.2  Flexibility in SUPPIY CAGINS ....ccc..veeeeeeiiiieeiiee et este e e sttt eessta e seae e e sstea e e e sreaaeesasees 14
2.1.3  Characteristics of Distribution Networks in the Consumer Goods Industry.................... 16
2.1.4  DiStribUtion PIANNING...........coeeecueeeeeeeeieeeeeeeeeeeeeesttee e e ettt e e e e ttte e e e taaeessseaaeesreaaeesanees 20
2.1.5  FIexibility MONAGEMENT ..........cccuueeeeeeeeeeeieeeeeeteeeetcteeeestteeeeetteeaeesteaeeesseaaeessenaeesanees 25

2.2 REVIEW OF EXISTING WORKS vuuivvuniiiiieiiieeitiertieertieeetteeessertneessnessseessnsersnnerssnesssnsesnnnes 31
2.2.1 Identification and Positioning of Relevant Contributions.............ccccccvvuveeecvveeeesieneennnnen 31
2.2.2  Analysis Regarding Distribution Planning-related Requirements .............c.cccceevvenueennse. 34
2.2.3  Analysis Regarding Flexibility-related ReqUIirements...............cccoeeeeeveeeeecceneeesiereeennn 40

2.3 DENOMINATION OF THE RESEARCH GAP «.cvuiitiiiiiieiriieeiieeetineriieertineretneessneessnnersnnessnnessnnnes 46
2.4 DEDUCTION OF ARTIFACTS 1uetuunieuunirenteraneersnsersntesaneersesersnserssseesnserssersserssersnsesesernnnes 47

3 MODELING FLEXIBILITY IN DISTRIBUTION NETWORKS ....cctcteriririeieieinceterererereecennenens 49
3.1 INTRODUCTION TO THE MIODELING OF DISTRIBUTION NETWORKS ...uvvvunirirneertneernnerinnersnnerennnes 49
3.1.1 The Use of Optimization TECANIQUES ............ccececuveeeeeiiireeeiiieeesiisieaessieeeeesseaaeessieeeessens 50
3.1.2  NELWOIK FIOW PIrOBDIBIMIS ...ttt nas 51
3.1.3 A Multi-Period Distribution NetWork MOAE! ..............coueeuueeeeeiiieiiieeeeeeeeeeeiieieeee e, 53

3.2 PLANNING MODELS IN DISTRIBUTION NETWORKS ..cvvuniiiunierrineriinerrineerieerseernneersnnersnneesnnnes 55
3.2. 1 NEtWOIK PIANNING ........ooeoeeeieieeiieeeeee ettt ette e et tee e e ettt a e e et aa e e s taa e e essaaaeessseaeesarees 56
3.2.2  HierarchiCal PIGNNING ...........cooecueeeeeiiiieeeiieeeeteeeeiea e e s ttta e e staa e e e taa e e e ssaaaeesseaaeesasees 62
3.2.3  Planning UNder UNCEItAINtY ...........occcueieeeiueiieeeiiieeesiiieeeesiateaesssesaessisaaasssssaasessesaeesssens 69



3.3 MODELING FLEXIBILITY POTENTIALS IN DISTRIBUTION NETWORKS uvvvvuniernneeinnrerineeenneernneeennnes 72

3.3.1 Basic Notion of the Three Modeling DimeNSiONS ............ccccueeeecvveeeeciiereeeiiireeeiieeaeeenens 72
3.3.2  External FIexXibility POLENTIQIS ...........c.ueveeeeeeeeeeieieeeceeeeeeee et e et a e e staa e e sraaa e 75
3.3.3  Internal FIexXibility POtENTIQIS ...........ccc.veeeeeeeeeeeeiieeeeiieeeeesteeeeceeeeeete e e e sreaa e e sreaaeesares 79
3.3.4  Volume Flexibility in Distribution NEtWOIKS ...........ccccueieeeciereeeiiieeeciieeeecceeeeesieea e 81
34 MODELING THE FLEXIBILITY IMIEASURES ..cetteeeeeieiunretteeeeeeeesainreeeeeeeessesnnreeeesesssssssnnnsneneens 86
3.4.1  Flexibility Measures in Distribution NEtWOIKS...........ceeeeeeuveeesiiiieesiiieeessiieeeesiiine e 86
3.4.2 Characterizing Attributes of the Flexibility MEQSUIES ............ccccovueeeeeviureeeciiraeeciieaeeenen 91
DEVELOPMENT OF THE FLEXIBILITY PLANNING MODEL.....c.cccctvvetuniienniennencincrncnnens 95
4.1 INTRODUCTORY CONSIDERATIONS AND GENERAL SETTING ..uuuuuuuuuuunnnnnenenns e 95
4.2 TWO-STAGE HIERARCHICAL PLANNING ...ttt s 97
4.3 THE DETERMINISTIC TOP-LEVEL FLEXIBILITY PLANNING MODEL.....uuuuuuiunuinnenes 101
4.3.1  General CONSIAEIALIONS ........cccccueeieeeiiieeesiieeeeeiee ettt e e e st e e s ste e e essta e e e sstaeeesseaaessasees 101
4.3.2  Planning the NetWOrk FIOW ............cccuuuiieeuiieeeeiieeeesiee e eeciee e esitaeestaa e etaa e esieaaessasees 102
4.3.3  Planning the FIexibility MEGSUIES.............ccueeeeciueeeeeeiieeeeiieeeeeiieeeescteaeesieraeesirenaeesnens 109
4.4 TOP-LEVEL PLANNING WITH STOCHASTIC DEMAND.....cuuuiuiiiiii s 122
4.4.1 Motivation for the Use of Stochastic Programming............ccccceeeeevvuveeescieeeessienaensnens 122
4.4.2  Stochastic Programs and Recourse Problems .............cccccvueeeeveveeeecieseesiiiieessiinaeesnens 124
4.4.3  Scenario Reduction and Evaluating the Stochastic Solution ..............cccccevveeeecvveennen, 128
4.4.4  Extending the Top-Level Flexibility Planning Model...............ccccueeevveieeccvneeecieraeennn, 133
4.5 THE BASE-LEVEL FLEXIBILITY PLANNING IMODEL....uuuuuiuiuii e 141
4.5.1  General CONSIAEIALIONS ..........c.ccueeeieeesiieesieeeiie et esiee ettt esieesite st e ssieeesiseesssesesiseenas 141
4.5.2  Planning the NetWOrk FIOW ............ccuueeieeiuieeeeeiiieeeeiiie e eeiee e estea e estaa e staa e e sieaaeessees 143
4.5.3  Planning the FIexXibility MEGSUIES............ccuueeeecueeeeeiiiaeeeiieaeesiieaessitieaeesitaaeesisesaesssees 149
EVALUATION OF THE FLEXIBILITY PLANNING APPROACH.......cccccieiiniiniinniencnnnnannans 153
5.1 EVALUATION DESIGN «.ueeeertteieeeeeieiiteeeeeeee s st e e e e s e s e e e e e s s e smneneee e e e e e e sennnrnneeees 153
5.2 EVALUATION CASE 1: TABLE-TOP PRODUCT MANUFACTURING INDUSTRY .....uuuuuumunnnnnnnnnnnnnnnas 158
5.2.1  INtroduCtion t0 the COSE.........eeeceeeeieeeetieesiieectee ettt esctte e sttt estee s vteessseessseassstaesasessssseenns 158
5.2.2  Demand and Capacity SitUQLION ................eeeeieeeeeeciiiiieieeeeeeecsiteee e e e eescerteea e e e e esssrsseees 161
SV B 1Y oo [T IV o o [ 1 o ¢ HO PSS 163
5.2.4  Value of the StoChAStiC SOIULION ..........cccccveveeeieeeeeeee et s e e 167
5.2.5 Value of the Flexibility-enabled PIANNING...............cccooueeeeeieeeeeeciieeeeiieeeeecieeeecciea e 172
53 EVALUATION CASE 2: ADHESIVE TECHNOLOGIES INDUSTRY ....uuuuuuuuuunenannnnne e 177
5.3.1  INtroduction t0 thE CASE........cccueeeeeeiiieeeeiieeeeeiiee et e et e et e e sste e sste e s s sseeasssasees 177
5.3.2  Value of the Flexibility-enabled PIANNINg...............cccooueeeceveeeeeecieeeeeciee e eesciea e 179
5.4 EVALUATION CASE 3: FICTITIOUS SCENARIO ....uuuuuuuuuuuuu s 181



5.4.1 Description of the EValuGtion CASE............c..eeeeecveeeeesieieesiieeeeeiieeeescieaeesieaaeesieraeeesens 181

5.4.2  Value of the Flexibility-enabled PIANNINg............c.ccovueeeevieeeeeeiiieeeeciea e eeciea e 184
5.4.3  Value of the StoChastiC SOIULION ...........cccccueeeeeeiieeeeiee ettt e e s eaa e 187
5.4.4  Performance EVAIUGLION ..............ccoeecueeieecieeeeeceee et eetee et e e sta e e e staa e e sraaa e e eanees 188

5.5 (60 ] N[ of 1 [0 N 189

6 SUMMARY, CRITICAL REFLECTION AND OUTLOOK ....cceeeeereceeceereceeceroceecenreceeceerannes 191
6.1 SUMMARY AND CONCLUSION «.vvuttunitnetnterntenteneeeneesneesnetsessaessnesensessesssenesensessssneesnessnees 191
6.2 LIMITATIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH cvutivniieneineineeineenneennreneenenns 193
REFERENCGES .....iututeitiitneeieirerereresreresssessereresessssessesssssessssssssessssssssessssssssssassenssssesasassssanns 197
NOIMENCLATURE .c.cuttettitirereretetrerecssessererssesessessesssssessssssssesessssssesessssssssessesssssossensssseres 209
O Y o o 1 0 G N N 217
A.l. SELECTED DEFINITIONS OF FLEXIBILITY AND SUPPLY CHAIN FLEXIBILITY . euuveenrenneeneeneerneerneennnes 217
A.2.  SELECTED DEFINITIONS OF (SUPPLY CHAIN) FLEXIBILITY MANAGEMENT ..cvuvvvvvereeeeerinnnnrrenens. 219
A.3. OVERVIEW OF FLEXIBILITY MANAGEMENT AND PLANNING APPROACHES ...c.uvtunveneenernrerneennnes 220
A.4. FLEXIBILITY PLANNING IMODEL BY HEGMANNS .cvutetntetiennteneeneeeneeaneeneeneeensernsensenesenssenseens 222
A.5. OVERVIEW OF RESEARCH CONTRIBUTIONS TO SUPPLY CHAIN FLEXIBILITY TYPES ceuvvvnrivneenennees 224

= O £ Y o o 1\ 10 T ), G - J 225
B.1. DETERMINISTIC TOP-LEVEL FLEXIBILITY PLANNING IMODEL euuivuieniieniineineineeeneeneenseneeeneens 225
B.2.  STOCHASTIC TOP-LEVEL FLEXIBILITY PLANNING MODEL (DETERMINISTIC EQUIVALENT)........u... 230
B.3. BASE-LEVEL FLEXIBILITY PLANNING IMIODEL ...uuvvuiiuniiuniiiieiieenietneeineriernetnsesnsesneesssneesnsenns 235

C.  APPENDIX € aueeiiiieieieieiietecaieireresecereeressessesserssssessesssssssssssssssssssesssasassssssssassssasasasasse 241
C.1. EVALUATION CASE 1: IMIASTER DATA eeniieieeie ettt e e e s e s e e s e raas e eaa s eenseeans 241
C.2. EVALUATION CASE 2: IMIASTER DATA .ottt ettt ettt et e et e et e e a e e a e e e e enns 246
C.3. EVALUATION CASE 3: IMIASTER DATA oeniiiiiiie ettt ettt e e e s e s e s s e s e eaa s eannsenans 253



