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ABSTRACT

In response to urgent global sustainability challenges, rapid action is imperative. The
linear economy's resource depletion contrasts with the circular economy's resource
optimization. As industries expand, thorough sustainability assessments, supported by
versatile tools and concepts, become essential. This study delves into transitioning Sri
Lanka's sugarcane industry to a circular economy, considering nationwide benefits. A
comprehensive approach integrates diverse tools, aiming to boost the macro-economic
performance of the sugarcane sector. The study's foundation rests upon existing
sugarcane refineries in Sri Lanka. Objectives encompass evaluating the sugar and
sugarcane industry's macro-economic performance, identifying local sugarcane
biorefinery configurations, scrutinizing existing and potential biorefinery strategies,
and analyzing material flow, circularity, and environmental life cycle performance of
diverse configurations. Outcomes reveal the industry's subpar macro-economic
performance compared to global and regional standards. Three biorefinery
configurations emerge: one featuring sugar and ethanol production, another adding
carbon dioxide capture, and a third integrating biogas and biofertilizer production.
Analytical Hierarchy Process (AHP) identifies criteria for biorefinery selection,
generating an alternative-ranked list. Material flow analysis underscores circularity
potential, with the hypothetical configuration achieving 16.24% circularity, followed
by the 3" at 15.69%. Configuration one and configuration two show lower circularity,
highlighting the value of additional pathways. Life cycle environmental performance
is strongest in the hypothetical configuration, followed by the 39; the 1% exhibits
higher impact. Human health, resources, and ecosystems are most affected. Enhanced
configurations correlate with improved life cycle environmental performance. In
conclusion, this study suggests promoting circular principles, diversifying by-product
utilization, boosting local sugar production, and prioritizing comprehensive
biorefinery setups as viable avenues for enhancing sustainability and environmental

performance within Sri Lanka's sugarcane industry.

Keywords: Analytic Hierarchical Process, Circular Bioeconomy, Circularity,
Environmental Life Cycle Assessment, Material Flow Analysis, Multi-Criteria

Decision Making



DEDICATION

With deep affection, this dedication is extended to my
cherished wife, Sudari; beloved son, Yesh; dear father,
Nimal; and my two mothers, Sujeewa and Sandya, for their
unwavering love and unconditional support...



ACKNOWLEDGEMENT

I am profoundly grateful to the Department of Civil Engineering, University of
Moratuwa, for granting me the invaluable opportunity to apply my theoretical
knowledge into practical application. I extend my sincerest appreciation to all the
esteemed staff members of the Department of Civil Engineering, whose unwavering

support and guidance contributed significantly to the success of this project.

At the forefront, | express my heartfelt gratitude to my research supervisor, Dr.
Sampath Wahala, Senior Lecturer at the Faculty of Management Studies,
Sabaragamuwa University of Sri Lanka, for his invaluable mentorship, continuous
supervision, and unwavering support created an amicable environment, contributing

to the efficient and successful completion of this research.

| also extend my deepest regards to my co-supervisor, Prof. Jagath Manatunga,
associated with the Department of Civil Engineering, University of Moratuwa for
providing consistent guidance and encouragement throughout this journey, leading to

the successful culmination of this work.

My sincere thanks go to Mr. Asanka of Lanka Sugar Sewanagala Factory and Mr.
Darshana of Lanka Sugar Pelwatta Factory for their immense support and technical
assistance, which played a vital role in the successful completion of the research

project.

Furthermore, | would like to express my gratitude to Ms. Waruni Thiranagama and her
family for providing immense support during the data collection phase of the research

work.

Finally, I am deeply indebted to all the resource persons, individuals and institutions
that have contributed to the realization of this project. Their collective efforts have
been instrumental in shaping my academic journey and reinforcing my passion for

acquiring a sustainable future.



TABLE OF CONTENTS

DECLARATION OF THE CANDIDATE & SUPERVISOR.......ccooiieieeceeeee e i
F AN = S I A O USRS ii
]3] @ N I [ N PR iii
ACKNOWLEDGEMENT ...ttt sttt este s testesteesaessseesaeesseessaeenseesseesreesnnesns iv
TABLE OF CONTENTS ... oottt tte ettt e et e e st e e aa e e ateesnra e e snneeennes v
LIST OF FIGURES ...ttt ettt e ettt et e s s ta e st e e snte e snteesnsaeennnaeans X
LIST OF PLATES ..ottt ettt sttt s te s te e te e s e e saae s e e ssteesbeebe e beesneesneeenseensenn xiii
I S O T Y = SRR xiv
LIST OF ABBREVIATIONS ......ct ottt ste et ste st steesteesseesvaesreesnaesneaenseens XV
LIST OF SYMBOLS ...ttt ettt e st e et e e st e e e ba e e ataesabaeesabaeennes Xvii
LIST OF APPENDICES ... oottt ettt ettt et e e rtte e s te s e saae e s te e saaeasaraeenns xviii
(O o 1 el I o ]\ SR 1
1. INTRODUCTION ...ttt sttt et ste e s stee s ate e st e ssaee e ssbeeesaeessaeesnneeesnsenan 1
1.1.  Background of the STUY .........ceoeiiiiiiiei e 1
1.2.  Rationale to the STUAY .........coeiieiiiiiciecce e 6
1.3, Research Problem ... 10
1.4, ReSearch QUESLIONS ......cccviiivieiieeiiee ittt ebe et e e ere e sare e beesaee s 10
1.5, Research ODJECLIVES .......ccoveiiiieiiee e 10
1.6.  Significance of the STUAY .......ccccoveiiiiiie e 11
1.7.  Limitations of the STUAY .........ccoiiiii 11
1.8.  Organization of the theSiS..........cccevereiiiiii e 11
CHAPTER TWO ..ttt ettt sttt et ste e st st sttt e sbaesbe e saeesatesnteesbaessaesanesns 13
2. LITERATURE REVIEW ..ottt sttt st st e sbeesteesane e 13
2.1.  Production of sugar from SUQarCane............cceceeveeveevieiieieeie e 13
2.2.  Sugarcane industry and environmental impactS............ccvevevevieeninernsinnnnnn 14
2.3. Challenges to the sugarcane iNdUStrY .........cccccoeiieeiieiiic i 14
2.4.  By-products of Sugarcane ProCeSSING .........ccccurerereerierierienesesesieseseeneans 15
2.4.1.  Sugarcane Trash (SCT) ... 15
24.2. BAGASSE ...ttt bbb bt re e 16
2.4.3. Filter mud/press mud/ Stillage.........ocvevveieiie i 17
24.4, IMIOIASSES ...ttt ettt ettt et ettt st be et et e st e e et e e be e sbe e sbeesbeesnreenras 18



245, SPENtWASH VINASSE......cciviiiieiiiiti ittt ste st sttt ens 19

2.5.  Circular Economy of Sugarcane industry ........c.ccccceevevieveeresiieseese e 20
2.6.  Circular Bioeconomy Of SUQArCANE...........ccceririririeiierienese e 21
2.7.  Concepts, tools and techniques used in sustainability assessments ............ 22
2.7.1. Material Flow AnalysisS (MFA) ... 22
2.7.2. Environmental Life Cycle Assessment (E-LCA).......cccoevvvviniinienenenenee, 26
2.7.3.  Social Life Cycle AsSeSSMENt (S-LCA)....coiviieieie e 28
2.74. Life Cycle CoStiNG (LCC) ..o s 31
2.7.5. Life Cycle Sustainability Assessment (LCSA) .....ccccovvvvveeie v, 33
2.7.6. Material Flow Cost Accounting (MFCA) .......ccooviiiiiiieceeeee e 35
2.7.7. INPUL-OULPUL ANAIYSIS.....cviiiiciiieie e 37
2.7.8. ECOBTFICIENCY ...t 39
2.7.9.  Circularity ASSESSMENT ......cccvciiiiiiierieie e e e re e sreens 41
2.7.10.  Environmental FOOIPIINS ......ccvoiiiieiiiiiiie et 42
2.7.10.1.  Carbon FOOtprint ASSESSMENT .......ccecvviieeeerieireeresteeeere e ere e e sreereens 42
2.7.10.2.  Water FOOPrint ASSESSIMENT .....ccververrereierieririeriesreseeseeteeeeene e see s neens 43

2.8.  Multi Criteria Decision Making in Sustainability Assessments and
TraNSTOIMALIONS. .....cviieiiieie et 43
2.8.1.  Analytical Hierarchical Process (AHP) ......cccccoveiieiieii i 44
CHAPTER THREE ..ottt ettt tee e st e st e e sate e s e e snae e snteesnneesnneeenns 46
3. METHODOLOGY ...ooiiiiriiiiieiieeie ettt sttt st ste st ssbeesbeesaeesaeesssesnseeseesseessassnsesns 46
3L STUAY SITE i 46
3.2.  The general sugar refinery process in Sri Lanka...........cccoceveeveiveieiiiennn, 47

3.3. Descriptive analysis to evaluate the baseline performance of sugar and
sugarcane iNdustry in SrLanka ..........cccoeiieiiiiieiicce e 49

3.4. Correlation analysis to evaluate the relationship between sugarcane crushed
versus sugar production and the ethanol production .............cccccceevveveeieiciecnnee, 49

3.5.  Establishing baseline biorefinery configurations for sugar refineries in Sri
Lanka 50

3.6.  Establishing baseline macro-economic biorefinery configuration for the
sugar refineries and associated industries in Sri Lanka...........c.cccoevveviiiieeiiecinnnnn, 51

3.7. Biorefinery and management strategies adopted for by-products generating
at each biorefinery configuration.............ccocvevie i 51

3.7.1. Existing biorefinery and management strategies adopted for by-products
generating at each biorefinery configuration .............ccoovoveiinineieice e 51

Vi



3.7.2. Potential biorefinery strategies that can be adopted for by-products generating
Trom SUQAr FEFINEIY PrOCESS. ....c.eiuiiiiiiisiieie et 52

3.7.3. Identification of significant biorefinery strategies for by-products generating
From SUQAr FEFINEIY PrOCESS. .....viiviiieie ettt sre e e 52

3.8.  Performance Assessment of baseline and hypothetical biorefinery

configurations of sugar refineries in Sri Lanka..........ccccooeiiiiicnniincecee, 54
3.8.1. Material Flow Analysis of baseline and hypothetical biorefinery
configurations of sugar refineries in Sri Lanka...........cccocveveiecieiiiiciccc e 55

3.8.1.1. System definition For MFA ..o 55
3.8.1.2. The system boundary for MFA ... 55
3.8.2.  Circularity Assessment of baseline and hypothetical biorefinery
configurations of sugar refineries in Sri Lanka............ccocveveiveieii i 56
3.8.3. Life Cycle Environmental Assessment of baseline and hypothetical
biorefinery configurations of sugar refineries in Sri Lanka...........cccccoceveviviviinccennenne, 57
3.8.3.1. Goal and scope definition..........ccveeeviiieccceceee s 57
3.8.3.2. The fuNCtional UNit.......ccooveiririreseee s 57
3.8.3.3. SYSEEM DOUNAAIY ... 58
3.8.3.4. INVENTONY ANAIYSIS ..ot 58
3.8.3.5. IMPACt ASSESSIMENT........eouiiiiriieierie ettt 58
3.8.3.6. Interpretation Of the reSUILS .......covveveeiiieeeeeeecee e 59
CHAPTER FOUR.......otoiieeieieetste ettt sttt b e se et e e ese s esassesensens 60
4. RESULTS AND DISCUSSION .....oooiiieieieieitsectesietee ettt sn e saesnens 60

4.1. Results of descriptive analysis performed to evaluate the baseline

performance of sugar and sugarcane industry in Sri Lanka.............c.ccccceevveiveenenn, 60
4.1.1. Local sugar consumption in Sri Lanka (2016-2022).........c.cccceevevveveivernennnn, 60
4.1.2. Importation & local sugar production share of the total sugar consumption in
SFi LanKa (2016-2022) .......ccueveieieieieiesieesieesie sttt sttt nnens 60
4.1.3.  Sugar importation to Sri Lanka (2016-2022) ..........ccccerereiirinniininenieneneeens 61
4.1.4. Local sugar production in Sri Lanka — total (t/year) (2016-2022) ................. 62
4.15. Local sugar production in Sri Lanka — contribution of each refinery (t/year)
(2018-2022)......c.ecueeieeeeiete ettt ettt ettt r et re e 62
4.1.6.  Contribution from each sugar refinery to local sugar production (2016-2022)

63
4.1.7.  Sugar recovery in Sri Lanka — industry average (2016-2022) .............cccueu.... 63

4.1.8.  Sugar recovery in Sri Lanka — performance of each refinery (2016-2022) ... 64
4.1.9.  Sugarcane cultivated area by sugar refineries of Sri Lanka (ha) (2016-2022)65

4.1.10. Share from each sugar refinery to total sugarcane area cultivated (2016-2022)
65

4.1.11. Sugarcane yield in Sri Lanka — industry average (t/ha) (2016-2022) ............ 66

4.1.12. Sugarcane yield in Sri Lanka — performance of each refinery (t/ha) (2016-
2022) 67

vii



4.1.13. Local Ethanol Production (Million L/year) (2016-2022).........c.cccceevvvervennnn. 68
4.1.14. Ethanol recovery in Sri Lanka — industry average (L/t) (2016-2022)............ 68

4.1.15. Ethanol recovery in Sri Lanka — performance of each refinery (L/t) (2016-
2022) 69

4.2. Results of correlation analysis performed to evaluate the relationship
between sugarcane crushed versus sugar production and the ethanol production . 69

4.3. Baseline biorefinery configurations for sugar refineries in Sri Lanka......... 70
4.3.1.  Sugarcane biorefinery configuration 1...........ccccvvviieneiiininine e 71
4.3.2.  Sugarcane biorefinery configuration 2...........ccccoveieieniieininee e 73
4.3.3.  Sugarcane biorefinery configuration 3..........cccccoeviiiiiiiici e 74

4.3.4. Macro-economic biorefinery configuration for the sugar refineries and
associated INAUSEIIES IN SFTLANKA..........coviiiiiieieee s 75

4.4. Biorefinery and management strategies adopted for by-products generating

at each biorefinery CONFIQUIALION. ..........coeiiiiiiiiiieeee e, 78
4.4.1. Existing biorefinery and management strategies adopted for by-products
generating at each biorefinery configuration .............ccocooiirineneneice e 78

442, Potential biorefinery strategies that can be adopted for by-products generating
Trom SUQAr FETINEIY PrOCESS. ....c.viuiiiiiieiiiite ittt 79

4.4.3.  Significant biorefinery strategies for by-products generating from sugar
TEFINEIY PIOCESS ...ttt bbbttt b bbb n e 81

4.5. Material Flow Analysis of baseline and hypothetical biorefinery

configurations of sugar refineries in Sri Lanka ..o, 86
45.1.  The material flow analysis results of the biorefinery configuration 1 ........... 87
4,5.2.  The material flow analysis results of the biorefinery configuration 2 ........... 88
45.3.  The material flow analysis results of the biorefinery configuration 3 ........... 89
454, The results of the material flow analysis of biorefinery configuration 4
(NYPOLNELICAl SCENATO) ... ..vivieiiiteeeie e 90

4.6. Circularity Assessment of baseline and hypothetical biorefinery

configurations of sugar refineries in Sri Lanka ..o, 91
4.6.1.  Circularity potential of the biorefinery configuration 1..............ccccoeevenenene. 91
4.6.2.  Circularity potential of the biorefinery configuration 2..............ccccoeeienennnn. 91
4.6.3.  Circularity potential of the biorefinery configuration 3.............ccccocevvernene. 92
4.6.4.  Circularity potential of the biorefinery configuration 4..............ccccoeevenennnn. 93

4.7. Life Cycle Assessment results of the sugarcane biorefinery configurations

94
4.7.1.  Characterization results of the sugarcane biorefinery configurations............ 96
4.7.2. Damage Assessment results of the sugarcane biorefinery configurations ..... 97
4.7.3. Normalized results of the sugarcane biorefinery configurations ................... 97
4.7.4.  Weighted results of the sugarcane biorefinery configurations....................... 98

viii



4.7.5.  Single score results of the sugarcane biorefinery configurations................... 99

CHAPTER FIVE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e erererereaeeees 100
5. CONCLUSIONS AND RECOMMENDATIONS ..o 100
DL, CONCIUSTONS ... e 100
5.2, RECOMMENTATIONS .....coieeeeeeeeee ettt e e e e et e e e e e e e aeenees 102
REFERENGCES ...ttt e e e et e e e e e e e e e e e e e ee e e e e e e e e aaaeeeeeereneaaans 104
APPENDICES ... oottt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeaaaaeeeeeerenennanns 121



LIST OF FIGURES

Figure 1.1: Planetary Boundary Framework............ccccceviveieiiienesiie e seesie e 1
Figure 1.2: The Linear ECONOMIC MOGEI ........ccveiviiiiiieiiccceece e 3
Figure 1.3: The Circular EConomy Model ..........cccoooviiiiiiiiiiinie e 4
Figure 1.4: Technical and biological recovery cycles of CE ...........cccooviiiiinnnnene, 5
Figure 2.1: Basic sugar production process and resulting by-products ..................... 13

Figure 2.2: Relationship between bioeconomy, bio-based economy, green economy,

AN CIFCUIAI BCONOIMY .....viiiiiiieiiieie ettt st reesre e e sneenreas 22
Figure 2.3: Micro, meso and macro level application of MFA.............ccccoiiienn. 23
Figure 2.4: Life Cycle Assessment Framework ... 26
Figure 2.5: Circularity INdiCators...........cccvvveiiiiiiiiieie e 41
Figure 3.1: Main sugarcane growing regions and the locations of operational and

non-operational sugar refineries in Sri Lanka...........ccocovviiiiicieniicneee 46
Figure 3.2: Conceptual Framework of the Study ..........cccoovviieiiiiinee 48
Figure 3.3: Web platform of the Sugarcane Research Institute for Statistics of the

sugar and sugarcane industry in Sri Lanka ..........cccccveviiieieeie e 49
Figure 3.4: Preview 01 of the AHP web-based tool .............cccoovriiiiiniiiicn, 54
Figure 3.5: Preview 02 of the AHP web-based tool .............cccoovviiiiiniiiiiecn, 54
Figure 3.6: Interface 0f STAN 2.7 ..oocviiieeee e 56
Figure 3.7: The life cycle assessment framework............ccccveveveeiiiie v, 57
Figure 3.8: Midpoint and Endpoint impact Categories..........ccuoerererenerenenieeeieens 58
Figure 3.9: Interface of SimaPro 9.4 faculty Version ..., 59

Figure 4.1: Local sugar consumption and per capita sugar consumption in Sri Lanka

(2016-2022) ...c.eeuieteeieieieete ettt ettt re st e ans 60
Figure 4.2: Share of sugar importation & local sugar production to the sugar
consumption in Sri Lanka (2016-2022) .......ccooeiiiiriniininieeeeee e 61
Figure 4.3: Sugar importation to Sri Lanka (2016-2022) ..........cccccevvvivveiieeieesieane 61
Figure 4.4: Local sugar production (Total) (2016-2022)........c.cccceevivviiieiieiieesieane 62
Figure 4.5: Local sugar production (Contribution of each refinery) (2016-2022)..... 62
Figure 4.6: Contribution from each sugar refinery to local sugar production (2016-
2022) ettt R et Re bt e ettt re et nn e ne s 63
Figure 4.7: Sugar Recovery in Sri Lanka — Industry Average (2016-2022).............. 64
Figure 4.8: Sugar recovery of each sugar refinery (2016-2022)........c.ccccvvvvvvrvennne 64

X


file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956375
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956377
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956379
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956380
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956380
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956381
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956382
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956383
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956384
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956384
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956386
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956386
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956387
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956388
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956389
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956390
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956391
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956392
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956393
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956393
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956394
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956394
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956395
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956396
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956400

Figure 4.9: Sugarcane cultivated area by sugar refineries of Sri Lanka (ha) (2016-

2022) ettt Rt Re et bR e b bt r et nn et ne e 66
Figure 4.11: Sugarcane yield in Sri Lanka — industry average (2016-2022) ............. 66
Figure 4.12: Sugarcane yield in Sri Lanka — performance of each refinery (t/ha)

(2016-2022) ....c.eeuieieiteieieete ettt ettt r bt e et eeneans 67
Figure 4.13: Local Ethanol Production (Million L/year) (2016-2022)....................... 68

Figure 4.14: Ethanol recovery in Sri Lanka — industry average (L/t) (2016-2022) ... 68

Figure 4.15: Ethanol recovery in Sri Lanka — performance of each refinery (L/t)
(2016-2022) ...c.eeuieieiieieieetes ettt e bt e reans 69
Figure 4.16: Sugarcane biorefinery configuration 1 ...........ccccoceevveviiieiicce e, 72
Figure 4.17: Sugarcane biorefinery configuration 2 .............ccocevvveieniienienineicens 73
Figure 4.18: Sugarcane biorefinery configuration 3 .............ccoceieiineniinicnieee 74
Figure 4.19: Macro-economic biorefinery configuration for the sugar refineries and
associated industries iN Sri Lanka........cccvveeiniiiieeee e 77
Figure 4.20: criteria and sub-criteria for selecting biorefinery pathway.................... 81
Figure 4.21: Consolidated priorities of criteria considered in the AHP..................... 83
Figure 4.22: The material flow analysis results of the biorefinery configuration 1... 87
Figure 4.23: The material flow analysis results of the biorefinery configuration 2... 88
Figure 4.24: The material flow analysis results of the biorefinery configuration 3... 89
Figure 4.25: The material flow analysis results of the biorefinery configuration 4... 90
Figure 4.26: Circularity potential of the configuration 1............cccccoveviiiiiiiiiienenn, 91
Figure 4.27: Circularity potential of the biorefinery configuration 2 ....................... 92
Figure 4.28: Circularity potential of the biorefinery configuration 3 ...................... 92
Figure 4.29: Circularity potential of the biorefinery configuration 4 ...............c........ 93
Figure 4.30: Block diagram of biorefinery configuration 1...........cccocooeviiiniiiiiiiennnnn 94
Figure 4.31: Block diagram of biorefinery configuration 2............ccccccoeevvviiievnnenne. 94
Figure 4.32: Block diagram of biorefinery configuration 3............ccccccoeevveeiicvnnennn. 95
Figure 4.33: Block diagram of biorefinery configuration 4 (Hypothetical
CONTIGUIALION) ...ttt bbb bbbttt 95
Figure 4.34: Characterization results of the LCA ... 96
Figure 4.35: Damage assessment results of the LCA ... 97

Xi


file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956401
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956401
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956402
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956402
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956403
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956407
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956407
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956414
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956416
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956417
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956418
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956420
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956421
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956422
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956423
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956426

Figure 4.36: Normalized results of the LCA.........cooiiiiieiieee e
Figure 4.37: Weighted results 0f the LCA ..o
Figure 4.38: Single score results of the LCA ..o

xii



LIST OF PLATES

Plate 3-1: Sugar refinery process in Sri Lanka............cccovevevviieiieie s, 47
Plate 3-2: Industry Expert consultation during the study..........c.cccecveverievreieiiennenn, 50
Plate 4-1: Potential biorefinery strategies that can be adopted for by-products

generating from sugar refinery process (EXpert Opinion) .........cccccevvveverrieneenesiennenns 79

Xiii


file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956440
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956441
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956442
file:///G:/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc148956442

LIST OF TABLES

Table 4.1: Pairwise Pearson Correlations: Sugarcane crushed vs sugar production.. 70

Table 4.2: Pairwise Pearson Correlations: Sugarcane crushed vs ethanol production

.................................................................................................................................... 70
Table 4.3: Existing biorefinery and management strategies adopted for by-products
.................................................................................................................................... 78
Table 4.4: Potential biorefinery strategies that can be adopted for by-products
generating from sugar refinery process (Expert opinion - ranked) .........cccccceevvvenen. 80
Table 4.5: Decision Hierarchy of AHP Criteria..........cccooveveiiienienii i 82
Table 4.6: Decision hierarchy with consolidated priorities for selected criteria........ 83
Table 4.7: Selected alternatives for sugarcane by-products for AHP ........................ 84
Table 4.8: Consolidated priorities for selected alternatives..........c.cccocvevvvieiviinnnnn. 85

Table 4.9: Biorefinery options that are not incorporated into any of the existing

biorefinery CONfiQUIAtiONS..........cvoiieie e 85

Xiv



LIST OF ABBREVIATIONS

AD
AHP
AWG
BOD
CBE
CE
CFA
Cl
COD
CR
CSE
CTI
DMC
DMFA
DMI
EIOA
EIP
E-LCA
EPR
EW-MFA
GHG
GTS
GWP
ICS
IOA

ISO
ISO
LCA
LCC
LCSA
MCDM
MCI
MFA
MFCA

Anaerobic Digestion

Analytical Hierarchical Process
Anthropocene Working Group
Biochemical Oxygen Demand
Circular Bioeconomy

Circular Economy

Carbon Footprint Assessment
Circularity Indicator

Chemical Oxygen Demand
Consistency Ratio

Circular Sugarcane Economy

Circular Transition Indicator

Direct Material Consumption
Dynamic Material Flow Analysis
Direct Material Input

Enterprise Input-Output Analysis
Eco-Industrial Parks

Environmental Life Cycle Assessment
Extended Producer Responsibility
Economy-wide Material Flow Accounts
Greenhouse Gases

Geological Time Scale

Global Warming Potential
International Commission on Stratigraphy
Input-Output Analysis

Industrial Symbiosis

International Organization for Standardization
International Sugar Organization

Life Cycle Assessment

Life Cycle Costing

Life Cycle Sustainability Assessment
Multi Criteria Decision Making
Material Circularity Indicator

Material Flow Analysis

Material Flow Cost Accounting
XV



ODP Ozone Depletion Potential

PCA Principal Component Analysis

PE Polyethylene

PET Polyethylene terephthalate

PP Polypropylene

RECP Resource Efficient Cleaner Production

SDGs Sustainable Development Goals

SFA Substance Flow Analysis

S-LCA Social Life Cycle Assessment

SME Small & Medium Enterprises

SRI Sugarcane Research Institute

T™C Total Material Consumption

UNEP United Nations Environment Program

UNIDO United Nations Industrial Development Organization
WBCSD World Business Council for Sustainable Development
WFA Water Footprint Assessment

XVi



LIST OF SYMBOLS

% percentage

ug micro gram

pl micro liter

Km Kilometer

m meter

m?3 cubic meter

Min minute

ml milliliter

mm millimeter

mm millimeter

msl mean sea level

nm nanometer

°C degree centigrade

r radius

S second

SD Standard Deviation
t time

A Wavelength

ng/m?® microgram per cubic meter
T pie

XVii



LIST OF APPENDICES

Appendix I: Process flow diagram of the general sugar production process ......... 121
Appendix I1: Sugar Milling Process (Expanded) ..........cccooveveieiveieiiieseeseceennn 122
Appendix T11: Bagasse ProCeSSING (A) ..oceeeieeiierieeieseesieeie e sieenee e sieenee e 122
Appendix 1V: Rotary vacuum Filtration............ccccooeiiiinininiiceceeeeee, 123
Appendix V: Molasses Processing (C) ..ocvecviieiierieiiiiesie e sie e se e 123

Appendix VI: Data collection sheet to obtain sugarcane by-product utilization
PANWWAYS. ...ttt 124
Appendix VI1I: Consolidated Weights of Alternatives (AHP — Step 02 Results)... 125
Appendix VIII: Input-Output Tables for LCA Data Collection (Agricultural Stage)

.................................................................................................................................. 126
Appendix IX: Input-Output Tables for LCA Data Collection (Sugarcane
TrANSPOITATION) ...t bbbt 127
Appendix X: Appendix IX: Input-Output Tables for LCA Data Collection
(SUQArcane ProCESSING) ...c.veiveeiireieiieiieeiteseeseeste e e s e e te e sre e sre e sreeste e e sneesneenneanes 128

xviii


file:///D:/Drive%20Streaming/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc142390633
file:///D:/Drive%20Streaming/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc142390633
file:///D:/Drive%20Streaming/Other%20computers/My%20Laptop/D/1.My%20Academic/2.MSc/2nd%20Year/Second%20Semester/MSc%20Research/3.Thesis/MSc%20Thesis_RADC%20Ranathunga_198520P.docx%23_Toc142390634

