Table of Content

CERTIFICATE ...ttt ettt ettt ettt i
DECLARATION BY THE CANDIDATE .........cccoiiiiiiiiiiiiiiinteeeeeescseesesese s il
COPYRIGHT TRANSFER CERTIFICATE .........cccocooiiiiiiiiiiiiiicctececceeceeee il
ACKNOWLEDGEMENTS ..ottt v
Chapter 1- INtrOAUCTION........cccuiiiiiieiiee ettt e et e e b e e tbe e srreeesabeeestaeesrseeesseesrsseannrens 1
1.1 BACKZIOUNG ...ttt et ettt et e st eeeae e e e sseeeneeenseenseenneens 1
1.2 The impact 0f 14.0 teChNOLOZIES.......ccveriieiietieiie ettt ere e seee s 3
1.2.1 Blockchain Technology (BT).......ccciveiieriieiieiieieeceeeee ettt 5

1.2.2 DAL EWITIS 1.ttt ettt ettt e s et e e et e eeeeense e st e eneeenseenneennnans 6
1.2.3 Industrial Internet of Things (II0T).....cceeeiieiieiiee e 8
1.2.4 Data-driven insights and predictive analytics ..........cccoevveriiriieeiiieiienie e 9
1.2.5 Other supportive technologies and t001S.........cceecvieeiieciierierieeie e 10

1.3 Motivational QUESTIONS .........ccveieeurieereeeereeeeteeeeeeeeeteeeeeaeeeeeeeeeteeeereeeeaeeeeeaeeeereeenaneeennes 10
1.4 RESCAICH ODJCCHIVES...uviieiiiiieiieiciiceetee et eite et e eee e e e e staeestbeeestaaeesnaeesasaeensseennnes 12
1.5 Scope Of the TESEATCI ......ooiieiieiie et 12
1.6 MEthOAOIOZY ...ttt ettt ettt e sneesebe e s e e ssaeenseenseeseenseeenns 13
1.6.1 Qualitative APPIOACKH: .....oooviiiiieiiieiieiieete ettt et seseensaeneas 13

1.6.2 Quantitative APProach: ......cc.eeiciiiiiiiieiicce e e 13

1.7 Contribution 0f the STUAY .....cc.eeiiiiiieiee e 13
Chapter 2- Literature REVIEW........cccuiiiieiiieiieiiee ettt 15
2.1 Supply Chain and T4.0.........oooiiiiieeeeeee et se e 15
2.2 Supply Chain Resilience and Sustainability (SCRS).......c.ccccevviiiiieiiiniicieeeeeee 21
2.3 Impact of 14.0 on SC sustainability and reliability ..........c.ccceevviiviiiiiinieiiiee e 22
2.4 Flexibility in the supply Chain.........coocieiiiiiii e 23
2.5 Benefits of 14.0 for flexibility and its impact on resilience & sustainability.................. 24
2.6 Integration of Blockchain Technology (BT) .......cocueverieiiiniiiiiniiiienieienieceieeieene 25
2.7 Integration of Digital TWIns (DT) .....ccceeeiiiiiiiieiieciecie e e 27
2.8 Integration of Big data and machine learning...........c..ccoeeverieiiiii e 29
2.9 Industry 4.0 adoption enablers in global supply chains..........c.ccoocveiienieniiiiieieee 29
2.10 Industry 4.0 adoption barriers in global supply chains...........cccoccoevieriiniiiiiiiee 30
2.11 Optimization approaches using I4.0..........cccecvreiieiieiciieiieeecie e 31
2.12 Research gap SUMIMATY .......c.eeoueiiiiiieeieeiieereeeteesieeseeeeereeseeseeesnseesseesseessseenseesseesseennns 33

Vi



Chapter 3- Research MethodOIOZY ........ccvieviiiiiiiiiiieceecie ettt 36

3.1 Research Framework .........cccooiiiiiiiiiiiiiicccceeeee et 36
3.2 ReSEATCH DIESIZN ... eiiuiiiiieeiieeieete ettt ettt ettt et e siae et sseeenteenseeneeeneeenes 37
3.3 QUAlitatiVe ANALYSIS: ....eiveiieriiiieiieterit ettt st 38
3.3.1 Grey-DEMATEL (Decision Making Trial and Evaluation Laboratory) method:...38
3.3.2 AHP- DEMATEL- PROMETHEE IL:.......cccooiiiiiiniinieieceeeeeeceeeeeeiee 38
3.3 3 ISM-FUzzy-ANFIS: ..ot 38
3.4 QUANTLALIVE ANALYSIS: ..vieitiieiieiieeiieeie et et et ete e et e s aesbeebe e seesnaeenseesaesssesnseenseenseas 39
Chapter 4- Industry 4.0 adOption DAITICTS .......cc.eeviiiiieiieiie ettt 40
4.1 INErOAUCTION ...ttt ettt ebe e 40
T\, 11 s VoY (0 Loy USRS 41
4.3 RESUILS ..ttt b et 52
4.4 DISCUSSION ..ttt ettt ettt ettt ettt et e bt et be et s bt et e sbe et e e bt estesbe et e sbe et e sbeentesbeennes 54
4.4.1 Causal Group DAITICTS .....c.eeevieeiieiieeie et et eree ettt e st e saeereeseesseessseenseeseesseennns 54
4.4.2 EATECt GIOUP DAITIETS ..eeevviieiieeevieecireeeiieesireeereeeriveeeteeesereesstreesabeeeseneessseeessseesnneens 54
4.4.3 Correlations among BT adoption barriers. .........cceceereerieriieiieieee e 55
Chapter 5- 4.0 adoption: Supply Chain Resilience and Sustainability............cccccoeeeeneenennne. 56
5.1 INEOAUCTION ...ttt ettt 56
5.2 MEthOOIOZY ....oooviieiiieiieciieeteee ettt ettt be e te e sebeenbeeteeseaeenseensaeneas 57
5.2.1 Steps of the Grey-DEMATEL approach ...........cccceevieeiiiciieiiicieeieceece e 62
5.2.2 Application of the proposed method...........ccoeoieiiiriiiiiii e, 64
5.3 ReSUILS & DISCUSSIONS. ....ceuviruiitiriiiieiiieieeiteie ettt ettt ettt sttt et st e aeeanens 71
5.3.1 CAUSE ZIOUD weeervtiiniiiiieeite ettt ettt ettt ettt et et sb e sttt e bt e sate st ebeesbeesabeeabeenbees 72
5.3.2 EECT GIOUP...cuviieiiieiiiieeiiieeiee e cite ettt tte et e et e e st e e etbeesssaeessbaeessseesssaeensseessnneenes 73
5.3.3 Correlation among BT-enabled CSFS .........ccooiiiiiiiiiiie e, 73
5.4 SenSIVIEY ANALYSIS...eeouieiiieiieiieie ettt ettt et et e et e et e e e sneesneeenneenneas 75
Chapter 6- 4.0 adoption: Supply Chain Reliability and Sustainability...........cccccceevvvenerennennne. 77
0.1 INIrOAUCTION......cvitiiiititcetcete ettt 77
6.2 MEthOAOIOZY ....oovvieeiieiieciicee ettt be et ssbe et e esaeeseaeesseenseeneas 81
6.2.1 Data Collection, questionnaire design, and Delphi technique...........cccceevveeennnnns 82
6.2.2 Analytic Hierarchy Process (AHP) ......c.cccoouioiiiiiiiiiieieieieieeteeeeee e 83
6.2.3 DEMATEL (Decision Making Trial and Evaluation Laboratory) .............cccc.c...... 85
0.2.4 PROMETHEE-IL.....cccoociiiiiiiiiiiiieeeceecee ettt 89
6.3 SENSIIVILY ANALYSIS..c.uviiiiuiiiiiiieiiieiiieeeieeeteeeree et eesteeesereeeereessbaeessseeessaeessseeessseeasseens 93



0.4 RESUILS ..o 94

6.4.1 FINAINgS OF AHP ..oooniiee et 94
6.4.2 Findings Of DEMATEL........cccooiiiiiiieeeeeeeee et 95
6.4.3 Findings of PROMETHEE-IL ........cccocociiiiiiiiiiiiiieeceeceeeeeesee e 96
0.5 DISCUSSION ..ttt ettt ettt ettt ettt st ae st b et eanenneeanens 97
Chapter 7- 14.0 Adoption: Flexibility, Resilience, and Sustainability ..........cccccoeoieieenienene 98
7.1 INEEOAUCTION .....ceiitiiitee ettt sttt ettt et 98
7.2 MEthOAOIOZY ....veieiieeiieieeee ettt ettt e st e e e e seeenseeaseeseenseenens 99
7.2.1 Interpretive Structural Modelling (ISM)........cccoeviiiiiiiieiieeceeeeeee e 104
7.2.2 Fuzzy model for flexibility in the supply chain...........cccccooeviiiiiiciiiiciiecee, 110
7.2.3 An Adaptive Neuro-Fuzzy Inference System (ANFIS) Model...........cceeenrreneen. 112
7.3 RESUILS ..ttt ettt 115
7.3.1 Flexibility in Supply Chain - ISM Model........c..ccoceviiiiniiiiiniiiiieceeee 115
7.3.2 Flexibility in Supply Chain- Fuzzy Model ...........ccccveviieiiiiiiiiiceceee e, 116
7.3.3 Flexibility in the Supply Chain ANFIS model.........cccccevvvieviiiiciiiiiieeiee e 120
7.4 DISCUSSIONS ....euviiiiniieiieteeitenie et ettt ettt ettt ettt sttt sbe et e sae et e sb e eseesbe et e sbeeanesaeenee e 120
7.4.1 SUMMATY OF TESUILS ....eeiiiieiieie ettt e 120
Chapter 8- Results Summary: Qualitative Approach...........cccceeevverierieiciieiieieeie e 122
8.1 INTOAUCTION ...ttt 122
8.2 14.0 adOPtion DAITIETS .....ccvvieivieiieciiieiie ettt ettt r e eveeteesaseesbeebeesaeeeeseenseenns 122
8.3 14.0 for Supply Chain Resilience and Sustainability ..........cccocceriiiiieiieniieneeieeee 123
8.4 14.0 for Supply Chain Reliability and Sustainability..........cccccceeieriiiiiinienieeie e, 124
8.5 14.0 for Supply Chain Flexibility, Resilience, and Sustainability............ccccceeuerernnne. 126
8.6 Strategies to enhance resilience and sustainability ............cccoevveviiiiiecienieiiecre e, 126
8.7 14.0 Technology adoption 1€VelS .........cccueeiiiiiiiiiieiieiee e 127
8.8 ReCOMMENAALIONS ....c.eeiiiiiiiieiiiiieiteteet ettt 128

SUSLAINADIIIEY....eeviieiiieciee ettt e e e st e et e e sabee e tbeesssaeessseearsseessseeesseensseeennns 130
9.1 INEEOAUCTION......cuiiiiieiicte ettt sttt 130
9.2 Problem Statement and FOrmulation ............c.ccoceviriiieniiiieniiiinieceeeeseeeeee e 131

9.2.1 Network CoSt OPtIMIZAtION .......eccvierieiieiieeie et ecee et esieesveereesreeseaeeeseereeseeans 132
9.2.2 Industry 4.0 technology adoption ...........ccceevvieeriieeriieerieeciee e erree e 133
9.2.3 Carbon fOOLPTINL. ... .eeiuiiiiieiieie ettt ettt sttt et e seee e enee e ns 133
9.2.4 MOdE] NOTALIONS ...ttt ettt ettt sttt e 134



9.2.5 The 0bJectiVe TUNCHION .....ccviiiiiiiiieiiciiccie ettt s 139

9.2.6 ThE CONSIIAINES ....uveiieutiriieieetieteeit ettt ettt sttt ettt sttt eae s 139

9.3 Solution MethodOIOZY ........eecvieriieiiieiieii ettt s esee s 141
9.3.1 Genetic algorithm (GA) ...oooveeeeiieiieiieiece ettt 142
9.3.2 Adaptive genetic algorithm (AGA).....cooovieoieeeeecee ettt 143
9.3.3 Differential evolution (DE)........cccoviiiiiiiiiiiciieeie et 144
9.3.4 Adaptive differential evolution (ADE) ........ccoooiiiiiiie e 145

9.4 Results and DISCUSSIONS........ccueieuiiiiiririniieiiete ettt 147
9.4.1 Data COLLECLION .....euiiiiiiiiiiiciciccte et 147
9.4.2 Designing the test ProbIEM ........cc.eecviiiiiiiiiiiieieecee et 147
9.4.3 Parameter fIttING.........cccvvieriieiciieeciie et e eee ettt e et e e e e streesereeeebeeessaeesbeeennaeeenneas 147

9.5 Computational TESUILS ......ceieiieiiiieie ettt e eeee s 148
9.6 SeNSIIVILY ANALYSIS. . .eevirtiiiiriiiieriiete sttt sttt 151
Chapter 10- Contribution, Implications, conclusion, limitations, and future research directions
................................................................................................................................................ 153
101 INrOAUCHION.......couiiiiiiiiiiciieiieie et 153
10.2 Contribution 0f the StUAY ......ccviiiiiiiieiieieccece e 153
10.3 Research IMpPliCAtIONS .......ceouieriiiiieeieeieee ettt 153
10.4 POlIiCY TMPIICATIONS. ...cuiieiiieiieiie ettt ettt ettt ee et e st e seeeeaseeseeeeneeenseenseenneens 157
10.5 Managerial iIMPliCAtIONS. .......ceoiiieiieriesieeie ettt e e seeeseeeseseeseeseens 157
10.6 CONCIUSION ...viiiiiiiiiciecieetete ettt ettt 160
10.7 Limitations 0f the STUAY .....ccveeriiiiiiiiciccic et e 161
10.8 Future Scope Of the STUAY .....veeviiiiiiiiciie et e 161
RETETEICES ...ttt ettt ettt sb ettt et 162
List Of PUDIICALIONS ...c..eeuiiiiiiiiiieiesiceee ettt st 182

List of Tables

Table 1: Literature REVIEW.......cccccuiiiiiiiiiiiiiiieieceteeece ettt 16
Table 2: Specification Of EXPETLS.....c..ccviiiiiiciieierie ettt e eee b s e seee e 43
Table 3: BT adoption barriers for the global supply chain ...........cccooevieeiiivienieiiceeee, 43
Table 4: LINGUISTIC SCALE ....iiiiiiiiiiiiiii ettt ettt e e et e e b e e esareesabeeeneneesenes 46
Table 5: The final crisSp value MALTIX .....cccvieciieriiiiie et 48
Table 6: The normalized direct relation MAITX.......c.eevvereriererierieeeere e 49



Table 7: The Total Relational IMATIIX ......ceeeeeeeeeeeeeeeee e e et ee e e e eeeeeeeeeeeeeeeeeesenes 51

Table 8: Cause and effect parameters of BT adoption barriers for supply chain..................... 53
Table 9: Specification Of EXPETLS .......ccieiiieiieiieeie ettt e e e eees 57
Table 10: BT-enabled Critical Success Factors for SCRS. .........ccceoiiviniiniiiiicieceee 58
Table 11: Linguistic assessment and associated grey values. .........ccoocveeevievierieecieenieesieeseeene, 63
Table 12: Average Grey relation matrix for BT-enabled CSFs for SCRS...........ccccooinininins 65
Table 13: Crisp relation matrix of BT-enabled CSFs for SCRS .........ccooiiiiiiiiiiiee 66
Table 14: Normalised direct crisp relation matrix of BT-enabled CSFs for SCRS ................. 67
Table 15: Total relation matrix of BT-enabled CSFs for SCRS..........ccccccoiiiiiiiiiininnininee. 69
Table 16: Cause and effect parameters for BT-enabled CSFs SCRS.........cccoeviieiieviieniienenne, 71
Table 17: Assigned weights for sensitivity analysis .......cccceeevveereiieeriieerieeercree e eeree e 75
Table 18: Cause/effect CSFS 1anking...........ccoevuieiieiiiieiieie et 75
Table 19: Benchmarking enablers of 14.0 for SC sustainability to build a reliable SC.......... 79
Table 20: Details Of EXPEITS......cccviiciiiiieiiiecieeiiece ettt eee s s e seee e 82
Table 21: LINGUISIC SCALES .....cviiiiiitiieieeie ettt ettt stte et ettt e seee e ebeesaeeseseesseeseeseeeenns 83
Table 22: AHP SCALE .....c.oiiiiiiieiiee ettt 84
Table 23: Pairwise Comparison AHP-MatriX .........cccceeviiiiiiiieiieieeie et 84
Table 24: Direct-indirect relationships and total relationship matrixX .........cccccceeeeeveiieniennnnnne. 87
Table 25: Initial Pairwise CompariSOn MatriX.........cccvevierieiieerieeriieiieereereeseeeeeeereesree e e 90
Table 26: Aggregate Preference MAtriX .......cccceiiieiiiiiiiiiiccie e 91
Table 27: Sensitivity analySIS......ceerierieiiieieie ettt ettt et 93
Table 28: Global Weights and rank of €nablers ............cccoociiiiiiiiinieniieiceeee e 94
Table 29: Cause and Relationship ANalysis........ccoveerieririininiiniieieenieeeeieeee e 96
Table 30: Rank Matrix (Inflow & Outflow) with PROMETHEE-II ........cc.ccccooiiiiininiiinnens 97
Table 31: EXPert SPeCIICAtIONS. ... .cccuviiiiiieieeciie e eite ettt ete et e e stveeeareesabeeeeneeseneeans 100
Table 32: Flexibility Dimensions and [4.0 Adoption Enablers...........cccccoeiiininiiiiinens 101
Table 33: SSIM (Structural Self Interaction MatriX)........cocveeevvereeiieiiiie e e 104
Table 34: IRM (Initial Reachability MatriX) .......cccoeeverierieiiieiieee e 105
Table 35: Final Reachability MatriX (FRM) .......cccvioiiiiiiiiiiiecieeeece et 106
Table 36: Hierarchical levels of 14.0 adoption enablers for flexibility in the supply chain ..107
Table 37: Conical MAIIX ....cc.coveriiriiiinieieeiieeeeeceee ettt 108
Table 38: LINGUISTIC SCAIE ....eevuiiiiieiieeiie ettt stee et et e e enseeseenseens 111
Table 39: Training parameters of the ANFIS model..........ccoooveviiniiiiiiiieieeees 114
Table 40: K@Y DAITICTS......cecviiiiiiiiieieeciiecie ettt ste ettt et seeeeveeteesteessseesseeseessseesseesseesseens 123



Table 41: K@Y FACLOTS ...ivviiieiiiicie ettt ettt sttt eebeebeeteesrseenseeseesnneas 124

Table 42: KeY @NADIETS.......cciiiiiiiiecieeeiieeeiee et ere e et e e stb e e eta e e easeeesabeessareesaseesssseessseeans 125
Table 43: Key TeChNOIOZICS......cccuiiiieiiieiiietieee ettt naee s 126
Table 44: 14.0 Technology adoption IeVels ..........ccoeriiiiniiiiiiiiceeeee e 127
Table 45: SUMMATY Of TESUILS. ...c.viiiiiiiiiiiiieeeeece et ebe s saee e 151
Table 46: Sensitivity ANALYSIS ....cc.cecveriirieriiiieieeieeee et 152
List of Figure
Figure 1: 14.0 adoption and SUpply Chain...........cccocuieviiiiiieiiieiieeeeeeee e 3
Figure 2: 14.0 to enhance the flexibility of supply chain dimensions............cccceeveeiienienncn. 24
Figure 3: Resilience, sustainability, and blockchain technology ...........ccccovveiiiiieiieninnees 26
Figure 4: Research framework..........coooiiiiiiiiii e 36
Figure 5: Research DESIGN ......ccuiecuiiiiiiiieieeiie ettt et ettt e ve et sre e sseesbeeseessneesneens 37
Figure 6: Proposed framewWoOrK............ccciiiiiiiieiieiii ettt ae e ens 42
Figure 7: Digraph representing causal relations of BT adoption barriers........c..cccccveevenennnens 53
Figure 8: Proposed research framework ............ccooouioiioiiiiiiiieee e 58
Figure 9: Digraph showing causal relations among BT-enabled CSFs for SCRS................... 72
Figure 10: Zonal representation of BT-enabled CSFs for SCRS .......ccccooiiiiviiiiiiiniiieces 74
Figure 11: Research FrameworK ...........ccoooviiiiiiiiiiiiiiccicce ettt 82
Figure 12: Cause and effective Relationship matriX...........ccoeeieiiiiiiiiiienieieeeeeeeeee 95
Figure 13: Hybrid flow diagram for ISM and Fuzzy-ANFIS approach...........ccccccevireinenn. 99
Figure 14: The structural ISM model of enablers for flexibility in the supply chain............ 109
Figure 15: Membership fUNCLIONS. ...........ccuieiiieiiiiiieiiecieece ettt 111
Figure 16: Control (If-Then) TULeS........ccccuiiiriiieiiieiee ettt e 111
Figure 17: The architecture of an adaptive network-based fuzzy inference system.............. 113
Figure 18: Testing of ANFIS model for flexibility in logiStics. ......ccccoverieveniineninieneeene 114
Figure 19: Driving and dependence power diagram..............ccceevveriieriienieeneenieeieeieeeeeeeees 115
Figure 20: FleXibility in TOZISTICS....ccuviiiiiiieiieiie ettt ettt be b eenas 117
Figure 21: Flexibility in Manufacturing ............ccoeoieiieiieiiieieieee e 117
Figure 22: Flexibility in Operations and Decision Making..........c.cccoecvevieniiniiieiienieneee, 118
Figure 23: ANFIS model of flexibility in I0GIStiCS.......evvrriieriierieeiieiieeeeeeee e 118
Figure 24: ANFIS model of flexibility in Manufacturing .............ccoceeveveenenieneneeneneenne 119
Figure 25: ANFIS model of flexibility in Operations and decision-making......................... 119

Xi



Figure 26: Sustainability and cost optimization through Industry 4.0 adoption.................... 132

Figure 27: Small test case performance comparison of algorithms.............cccoeoeeiieninnnnne. 149
Figure 28: Medium test case performance comparison of algorithms .............ccccceervenennnee. 149
Figure 29: Large test case performance comparison of algorithms..........ccccoeceeveriinienennene. 150
Figure 30: Comparison of solutions obtained from algorithms.............cccceeeriivieninnenennnne. 150
Figure 31: Contribution of the Study.........ccccociiiiiiiiiiniiieee e 153

Xii



