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ABSTRACT

The utilization of fossil fuels has enabled large-scale industrial development and largely
supplanted water-driven mills, as well as the combustion of wood or peat for heat. The burning of
fossil fuels by humans is the largest source of emissions of carbon dioxide, which is one of the
greenhouse gases that allows radiative forcing and contributes to global warming.

This study focuses on to performance analysis of updraft gasifier with the injection of CO> as
gasifying agent. During the study CO2 was fed in to updraft gasifier in different feed ratios and
producer gas composition was analyzed.

Rubber wood chips were used as the feed stock of gasifier and testings were carried out in input
fractions of CO> to analyze its impact of CO vyield.

Keywords: Updraft gasifier, biomass, equivalence ratio, Carbon dioxide to air ratio,



ACKNOWLEDGMENTS

| would like to express my heartiest gratitude to my research supervisor Dr. M. Narayana, a Senior
Lecturer of Department of Chemical and Process Engineering of University of Moratuwa, for his
enormous encouragement, guidance, dedication and patience throughout the research to make it

successful.

My special thanks go to Mr.Loshan Palayangoda of Operations manages, Forbes Marshall Private

Limited for providing required thermocouples for the success of tests.

I would like to thank Ms. Namali of Tasma International (Pvt) Ltd, for providing us wood chip at
free of cost and supporting through providing quality tests results of woodchip and the timely

delivery.

My Special thank also go to Mr. Janaka Chaminda of Ceylon Petroleum Corporation who supports

us doing modifications and insulation of updraft gasifier.

I would like to thank IT staff members and non-technical staff members for the support given by

providing lab facilities.

My heartiest thanks also go to my colleague; Mr. Ranjith Jayakody who supports to make trials

and support in taking test results throughout series of tests.



CONTENTS

DECLARATION OF THE CANDIDATE & SUPERVISOR ......ccooiiiiiiiieec e [
A B ST RA CT ettt ekttt e bt e a bt e h e et e e nhe e b e e b et et e e nhe e beenreeennee s I
ACKNOWLEDGMENTS ...ttt ettt st et et e e e sbneebeennne s i
FIGURES ...ttt h et e ke e e bt e s bt e e a b e ekt e et e e sbeeanbeenbeeennee e viil
TABLES ...ttt h et b e bt Rt e b e e be e enae e nheeanbeenree s IX
ACRONYIMS .ttt b ettt e s bt e e a bt e s bt e e Rt e e nheeesbeeebeeenbeeebeesnbeenbeeantee s X
CHAPTER 1: INTRODUCTION ...ttt st 1
1.1  Global and Sri Lanka ENergy SCENAIIO .........cceiieiieiieiiesieeie e se et 1
1.2 Importance of Biomass as a fUel ..........c.ccoveiiiiiiiiii e 1
1.3 BIomass gaSifiCatiOn ..........c.ccciiiiiiiiiiie e 2
1.4 RESEAICN ODJECLIVES ....c.vicviiiece ettt re e re e 3
1.5  SCOPE OF the STUAY ....ocviceccece e 3
1.6 DiSSErtation OULHNE. ......ccoiiiiiiiiieieeiee e 4
CHAPTER 2: LITRETURE REVIEW ... 5
2.1  BIOMAaSS @S aN ENEIJY SOUICTE....c.ueiuiiteiueeieeeetestestestesseeseeseesestestesbesbesbeaseeseesenbessesbesbesseees 5)
2.2 BIOMASS TYPES ..ottt bbbttt bbbttt 5
2.2. 1 CRHUIOSE ... 6
2 o {1 ] o RS OS 7

2.3 ClasSification OF UL ........c.ooiiiiiiiiieee e 7
2.3. 1 ATOMIC RALIO.....eiiiiiitiitiii ettt 8
2.3.2  Relative Proportions of Ligno-Cellulosic Components...........cccccoveevveiieiiieeiieennnens 8
2.3.3  TerNary DIAQIam ......cccuciie ettt sttt e be e raeara e 9

2.4 PropertieS Of BIOMASS.......ccouiiiiiiiieiieiiie sttt be e te e sree s 10



2.4.1  PRYSICAl PrOPEITIES ....ecuiiieieiieeie ettt ste e sneens 11

2.5  Thermodynamic Properties Of BIOMASS .......c.ccoveiiiiieiieiiiic e 12
2.5.1  Thermal CONAUCTIVILY .......cciveiiiiieiree et 12
2.5.2  Heat Of FOIMALION ......ocviiiiiiciee e 12
2.5.3  Heat of Combustion (REACTION) .......covviiiiiieiiiieiieieee e s 13

2.6 Other Gasification-Related Properties of BIOMASS ..........c.ccoovviiiiiiiiiiiiieicc e 13

2.7 UILIMALE ANAIYSIS .euiiiiieiiieie ettt sttt ettt sbe et et teenbeanaenneenns 13

2.8 ProxXimate ANAIYSIS .....ccoiiiieiiieiieite i 13

2.9  Biomass Gasification theory and TeChnology ... 14
2.9. 1 DIIYING cetitiitieiieie ettt h bbb bbbt 14
2.9.2  PYIOIYSIS .ttt e e ns 14

2.10 Effect of Pyrolysis Temperature and Heating Rate............c.cccevveveiieve s 16

2. 11 GASIHTICALION ...ttt bbb 16
2.11.1  GasifiCation SYSIEIM ......cciiiiiie et 16

2.12  TYPES OF GASITIES ..cuvieieciece ettt nas 17
2.12.1  Fixed/moving bed gasifier .........cccoveiiiiiiece e 18
2.12.2  UPAraft gasifier ..o s 18
2.12.3  CroSS draft QasiFIr.........coiiiiieieieiee s 19
2.12.4  DOWNAIAFt QASITIET ..ot 19
2.12.5  SHratified gaSITIEr ... ... s 21
2.12.6  Fluidized —Ded gasifier....... .o s 21

2.13 Gasification medium and KINETICS ..........ciiiiiiiiiieiee e 23
2.13.1 Overall kinetics Of gasifiCatiON ..........ccooiriiiiiiiiee s 23

2.14 Description of each step of gasifiCation ProCESS ........cccooereriiiiinieieee e 23
2.14.1  ComDUSLION ZONE FEACTIONS ...t 24



2.14.2  REOUCTION ZONEC.....oeeee oot e et e e e e e e e e ettt e e e e e e ee e e eeeeeeeaeaan 24

2.15  GasifiCation MEAIUM .....oiviiriiiiiieieie e 24
2.15.1  GaSITICAION TN AU ....oviiiiiiice e 25
2.15.2  Gasification IN STEAM: ......oiviiiiiieeee e 25
2.15.3 Gasification in a steam—0XYgENn MIXIUI........ccueiirieiiereniereseeeee e 25
2.15.4  Gasification in carbon diOXIdE ..........cccooiiiiiiiiiee s 26

CHAPTER 3: EXPERIMENTAL SETUP OF UPDRAFT GASIFIRE UNIT ....ccoooiiiiiiiiiiene 28

3.1  Design parameters Of the gasifier...... ... 28
3.1.1  Diameter OF the FEACION .........cceiieieieierie e 28
3.1.2  Fuel Consumption RELE..........ccuoiiiriiieiieie e 29
3.1.3  Height of the reaACION ........eoivieecece e 29
3.1.4  Total working height of reactor ...........ccccevveii i 30
3.1.5  Time required to consume fUel: ........cccooove i 30

3.2 Reactor Fabrication and Material SEleCtioN...........cccooeiiiiiiiiiiic 31
321 AIrSUPPIY 0 UNIt. .ot 32

3.3 Feed Stock Preparation, Analysis and Operation............c.ccccevvevveieiieseeiieseese e 32
3.3. 1 Biomass fEEA STOCK .......cc.eiiiiriiieiiiierieiei e 32
3.3.2  FUEl Property ANAIYSIS ........cooiiiiieieieie e 32

3.4 Overall eqQUIPMENT SELUP....coiiieieteie ittt 34

3.5  Test procedure fIOW Chart.........ccooiiiiiiiii e 35
351 Pre TESHING .ottt bbbttt bbb 35
3.5.2  Feedstock preparation and fEEAING ..........ccoriiiriiiiieie e 35
TR TR R o | 1o PO TSSOSO 36
354 FIUE QS TESTING ..eveirieieite ittt ettt bbb 36
355 OrSAt OPEIALION ....cuvieiieitie sttt e e e et s et e et nrae s 36

Vi



3.6 SUPPOItIVE CalCUIALIONS .......ecvveiecie et sne e 39

3.6.1  Specific gas production: Gas to Fuel Ratio...........cccccveverieiieie i 39
3.6.2  Airto Gas ratio (Specific air ConSUMPLION) ........ccccevveiieiiieiieeie e 40
3.6.3  Biomass formula determination based on elemental analysis ............c..cccccvevvrnen. 41
3.6.4  EQUIVAIENCE TALIO ...c.veiiiiiiiiieiieieee bbb 42
3.6.5  Stoichiometric air and gasification air flow rate calculation ..............c.ccccccevennn.nn. 42
CHAPTER 4: RESULTS FOR UPDRAFT GASSIFIRE PERFORMANCE ... 43
4.1  Biomass ANalYSIS RESUILS .........cuiiiiiiiiier s 43
411 ProxXimate @NAIYSIS ....cc.oiviiiiiiiiieieieie ettt 43
4.1.2  URIMALE @NAIYSIS....ciiiiiiitiiiiiieiee e 43

4.2 Temperature profile Variation.............cccoveiiiie i 44
4.3 YIEld VAITALION ... .ottt 45
4.4 FIame ODSEIVALION .......ooviiiiiiiiieiiteeee et 46
4.5  Effect Of CO2/C VANTALION .......coviiiieiieiiicieiee e 46
4.6  Process influence of Moisture percentage for gasification ..............ccccevvevviieiiccecen, 47
4.7  Effect of equipment sensitivity for overall results ..........ccccoooveiieiiiieieci e, 48
CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS ..o 49
5.1 CONCIUSTON. ...ttt bbbttt b e bbbt b ene s 49
5.2  Modern Development in gasifiCation ...........cooueiriiiiiiieneeeee e 49
5.2.1  POSE-COMBUSTION.......iitiitiiiiiiiiieieie ettt 49
5.2.2  OXYFUET .. 50
5.2.3  Pre-COMBUSTION .....ovitiitiiticiieieee bbbttt bt 50

5.3 FULUIE WOTK ..ottt sttt ene s 50
APPENDECIS ...ttt sttt ettt e et b e e n b e bt e Rt e te et e e nneeanbeenres 51
RETEIENCES ...t b et 54

vii



FIGURES

Figure 1 Molecular structure of CEIIUIOSE ........ocveiieiicccec s 6
Figure 2 Molecular structure of a typical hemicellulose .............cccooveiiiiiicie e, 7
Figure 3 Van Krevelen diagram. ..........cooiiiiiiieiee it 8
Figure 4 Classification of biomass by CONSHIUENT FAtIOS ...........coceiiiieiiiii e 9
Figure 5 C-H-0O ternary diagram of biomass showing the gasification process.............ccccceeveunene 10
Figure 6 Gasification TECANOIOGIES .......cc.viiiiieii e 17

Figure 7 Different Constructions of Fixed Bed / Moving Bed Gasifier (Left to right: Downdraft,

Updraft, and CroSS DIAft) .........oouiiiiiiiiiiieiee et 18
Figure 8 Schematic of Downdraft Gasifier and Temperature Gradient with Height(Prabir Basu,
L0 2 OSSOSO 20
Figure 9 a) Imbert Downdraft Gasifier, (b) Stratified Downdraft Gasifier (Mendiburu et al.,
2004 ettt Rt Rt R Rt et et e tenEeeReaReeReeRe et et e rentenreereeneanes 20
Figure 10 Overall Kinetics of gasifiCatioN.............ccooiiiiiiiiiieiece e 23

Figure 11 Overall Arrangement A- Combustor, B - Temperature Display, C - CO2 Cylinder, D -

L o] [0 =] SRS 34
Figure 12 Orsat QUIPMENT SET U ...cveiviiteiiieiieieieie sttt sttt sbe e 34
FIQUIE 13 TESE PIrOCEAUIE ...ttt bbbttt e bbb 35
FIQUIE 14 OFSAt SEIUD ..eouveeieitiecie ettt sttt te et e e e s re e sbeeseesbaesbeeneessaesteesesneesneeneens 38
Figure 15 Temperature profile Variation...........ccccccveiieiiic i 44
Figure 16 CO yield variation with variable input fraction of CO2............cccooiiiiiiiniiiee, 45
Figure 17 FIame ODSEIVALIONS .........cciiiiiiiiieiee et 46
Figure 18 Effect of CO2/C Ratio for CO Yield.........ccovoiieiieiiiece e 46

viii


file:///F:/Research/My%20Thesis/Thesis%20IRND%20LENAGALA%2025112018_1.docx%23_Toc530936207
file:///F:/Research/My%20Thesis/Thesis%20IRND%20LENAGALA%2025112018_1.docx%23_Toc530936210

TABLES

Table 1 TYPES OF BIOMASS......ccuiiiiiiieieiie sttt te et et e s beebeanaesteeeeaneesnaenneas 5
Table 2 Gasification Mediums and Characteristic Parameters...........c.ccocvvvinieienenc s 25
Table 3 Comparison of tar production in three gasification mediums (Gil et al., 1999) .............. 26
Table 4 Experimental results with varying CO2 input fractions ...........cccccevevieiieere e, 27
Table 5 FUEl tESE STANUAIT ........oveieieeie bbb 33
Table 6 Equivalence ratio and FIOW FALE ..........couireiiiiiiii s 42
Table 7 Proximate analySiS FESUILS..........coiiiiiiieieese s 43
Table 8 Ultimate Analysis RESUILS.........c.coiiiiic e 43
Table 9 Effect of equipment sensitivity for overall results...........ccccoovvveiieviceccce e 48
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HHV: Higher heating value

HHV: : Higher Heating value of fuel
LHV: Lower heating value
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VM: Volatile Matters
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