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ABSTRACT

This project focuses on the production of green hydrogen from bagasse
gasification integrated with calcium oxide (CaO) adsorption. Green hydrogen refers to
hydrogen produced from renewable energy sources such as wind, solar, hydropower,
geothermal energy, or biomass, making it eco-friendly with minimal to zero
greenhouse gas emissions. Aspen Plus version 12 simulation software was employed
to design and simulate the green hydrogen process. Steam and supercritical water
were used as gasifying agents in the biomass gasification process. To improve
hydrogen production, the bagasse gasification was to be integrated with the water gas
shift process. Furthermore, the CaO adsorption was subsequently implemented for
CO, capture. Simulation results revealed that the steam gasification integrated with
Ca0 adsorption (SG-Ca0) should be conducted at a gasifier temperature of 950 °C, a
gasifier pressure of 1 bar, a steam to biomass mass ratio of 0.1, a water gas shift
reactor temperature of 150 °C, a water to biomass mass ratio of 0.6, a carbonator
temperature of 750 °C, a CaO to biomass mass ratio of 1.9, and a regenerator
temperature of 900 °C. This integration results in the production of green hydrogen

with a purity of 99.95%. Supercritical water gasification integrated with CaO adsorption



(SCWG-Ca0) should be carried out at a gasifier temperature of 1200 °C, a gasifier
pressure of 221 bar, a supercritical water to biomass mass ratio of 0.4, a water gas
shift reactor temperature of 150 °C, a water to biomass mass ratio of 0.2, a carbonator
temperature of 800 °C, a CaO to biomass mass ratio of 1.78, and a regenerator
temperature of 900 °C. This integration leads to the production of green hydrogen
with a purity of 99.98%. When an energy analysis of both processes was performed, it
was found that the energy efficiency of SG-CaO (41.42%) is superior to that of SCWG-
Ca0 (26.01%). From our study, it can be concluded that the steam gasification of

bagasse integrated with CaO adsorption is suitable for green hydrogen production.

Keywords: Hydrogen, Bagasse, Gasification, CO, capture, Process simulation



2 3anednus ASPONLUUNTLUIUNITVBINISHANLELASLAUALYYI91NNAS

LAag At uYeIY1Ud 08 TIUAUNTEUIUNITAATUA Y

whaLTeueanlys
Unfnw WA AT walvdinang
sWaUTEIn 64601054
Usguan AFINTTUFNFNTUNUUTA
#1137 AAINTIULAL
N.¢A. 2566

215INUIA NG TINUS  SA.AT.ENT  WuTITIUR

UNANYD

Tassuiljadunisndslalasiauddisnniuinssedsunndouannzuiunisuiadi
Y ¥ 1 [y (Y 3 % LY L a L3 a
\nfureIrIUgegswiumIanduatsustlaseanlufnlefigaduuaadetoenlyn lalasaud
a e ey E ) ' ) P i A & v 5
Wemanedlalnsauindadulaglduvaamasnunyuiow Wy oy waseiing iilmes
nasuanudaulannw wSadiwia vliduiinsiudanedaulansUassfigisaunszaniios
d‘ =2 6 I3 6 o @ 6 o 2 4{' o
Ngadiaaud gonAuasd15a3U Aspen Plus ety 12 gnlfiioeaniuuiay§1anszuIuns
lalnswudives Wnenleduasunmilodngaazgnltiduansndreliinujiselunszuiuns
WA AT AT UVDITINIA WNBLALNITHANLELASIAU NTEUIUNISLAATALATUVBITIUD DY AT
FuiunszuIunsunsenvasudndunia vananinisgadunlguaadeusenlydazgn
Jrunlgdmsunisanduansuauleeanlen Nan1591a09uIT3NsEUIUNISHAATHLATUYBIlD

a

wiunsgaduasusulasenladmeiianduwpadeusenlgdmsalivaunioamg i

Y

WHEATNIELDDT 950 DIANWARYE ANUAULALAATNIELEDS 1 U5 dndiulneulaveadlouse
a " w a oA a ¢ T & a Y
Faawinu 0.1 gaumgiinesJnsalildsudnduuia 150 ssrnwaldva dndiulaguia

YoNNHOTWIAMNAY 0.6 UNYIVBUATEIATUBLULADTN 750 Berwaldea dadiulngwla

a

= s 1 a @ a4 o ¢ ¢l
LLﬂaL‘UEJ@JE)@ﬂl‘U@m@‘ﬁ'ﬂllﬁ]aLV]']ﬂ'U 1.9 LLazquﬂﬂsﬂaﬂLﬂﬁﬁﬂiLQULU@?WLW@?V] 900 94N

Y

o

wadea lnenszurunsillanisudnlalasauddeiniissauanuusanssesas 99.95 dmsu
nsrvIuMskiagiliadurenimileingauesudssniiudunmsaadunisveulaesnlenme

Y o

migadulaalelesnlydalsaiiunsigamngivednuiadieiess 1200 asrwaidya



anufuTemLiaTneiesh 221 1S é’@duuimmmmﬁqmﬁaf‘mqma%’smawhﬁ’u 0.4
puvnivoneiesufnsaiudsuindunia 150 esmwaifea dndulneunavestinediang
Windu 0.2 gamaiiveaniosasusiumes 800 ssmwaliua dndrulnsmiavesuaaidoy
oonladredinainiu 1.78 uargumgiveaniossiauiusiisines 900 ssrmwaldea lny
nszvaunsiidniswdnlelasiaudifend fseduanuuianisesay 99.98 Wlefiansan
UsyAvBamndsnunuinszuaunaufaifiaduresledhiusunmsgaduaiveulaeentud

v Y o = s ] &\ a a a [ {
WJEJG]’J@]WUULLQQLGUSJN@@ﬂI"Uﬂ (41.42 \Waswus) Nﬂi%ﬁ%ﬁﬂﬁwmﬁﬂwaﬂﬂ’]uq\iﬂ’ﬂﬂi%‘U’J‘Uﬂ’]i

uwiadiliatuveninvileingaueswwiudesfisiuiunisgaduaisueulasenludmeiigadu

[
v =2

wealesenlys (26.01 wWesdud) Anudsaguliinnszuaunisnszuiunmsuiadinduves
lownswuiunisgeaduaisueulaeenladmemaaduwaadeusanlandainumunzanlunis

nanlalasaudiRen

Ardag: lalasu, Yudas, wiadiliady, n1sandunsveaulaeenlys, n1591a09

AEUIUNIT



Acknowledgements

Firstly, the author would like to express my sincere thanks to Prof. Wei Wu and
Assoc. Prof. Dr. Yaneeporn Patcharavorachot, who provide me the opportunity to do
the excellent research on the Process Design of Green Hydrogen Production via Bagasse
Gasification Integrated with Calcium Oxide Adsorption Process. My advisors always
support me in my master’s degree, suggest guidelines to accomplish my master’s

thesis and offer scholarships to carry out the research.

In addition, the author is extremely grateful for Assoc. Prof. Dr. Dang Saebea, Asst.
Prof. Dr. Walairat Chandra-ambhorn and Asst. Prof. Dr. Patthranit Wongpromrat for their

suggestions and assistance about appropriate research development.

The author most gratefully all professors in School of Engineering for providing
the experiences and knowledges in my undergraduate and graduate which are

important for research project development.

| would like to especially thank my family and friends for supporting and

encouraging my research project to be successful.

Finally, the author would also like to thank the Department of Chemical
Engineering, National Cheng Kung University (NCKU) and King Mongkut's Institute of
Technology Ladkrabang (KMITL) for equipment, workspace, and financial support. The
author hopes that this research will bring value and benefits to everyone. If the project

has some mistakes, | apologize.

Nitsara Panichkittikul



Table of Contents

Page

Abstract in ENGLISH l@NGUAGE .......viii s I
ADSEract iN Thai L@NGUAGE .....eeiiiiiieee e If
ACKNOWLEAGEMIENTS ...ttt \%
TADLE Of CONMEENTS ..ttt VI
LISt Of TADLES ..o g g 444ttt ettt taeasassae e e e aeaas X
List of Figures g ... NN L ottt e terernanreesassesnanans XV
CHAPTER# IMTROBEEION- RN =.... (... S Tl A AN et 1
1.1 § gBacksrovpde.... <t 2 ors TR\ 2N . I ol AN 1
128 Lbiefliredrrd. F el Bl LG \& oY el 3003 AN 4
17 ScopS ikt TN ... %W\ .\ A Comrreed €N ... 0.0 L0 5
R4 SXpegRd OneotE Y. MAIDYATNTIOM. .. €t gy - L H 6
CHAR\ERLD| PERALLRE BRVIEAC ... & LIRS P N A Sl 7
2.1 BI@IT)IASs ... Soref o - S e R R o s - Woma g Ngmeete e igoee el ofloeeeciaeneannnaes 7
2.2  BiORass Enerey . s o o Nl e O e 7
2.3 Advantages of bioenergy/DiOMass. ......vvreeeiiieeieie it 7
2.4 Disadvantages of bioenergy/DiOmMass..cciim . wuiiiueeeurieieieeeeeeeeeee e 8
2.5 Process of transforming biomass into various forms of energy'®................... 8
2.6 BAGASSE ettt sttt ettt et s st eeens 10
2.7 GASIICATION PrOCESS ..eeiieiieisitieiete et 11
2.8 YIS ettt 12
2.9 SUPETCHTICAl WATET .. 13



2.10  COp CaPIUIE PIOCESS. ...ttt ettt 14
211 LITErature FEVIEW ..ottt 15
CHAPTER Il RESEARCH METHODOLOGY ...ttt 17

3.1  Process overview of hydrogen production from bagasse gasification

integrated with Ca0 adSOrPLION ..o 17
3.2 Process model of hydrogen production from bagasse gasification................. 19
3.2.1 Validation of simulation results with experimental data.........ccccccovvueee. 23
322 Investigation on effect of operating conditions in bagasse gasification . 25

323 Investigation on effect of operating conditions in water gas shift reactor

3.3  Process model of CaO adsorption for CO, Capture......ccooiivuneeiieneieinenns 26

3.1 Investigation on effect of operating conditions in CaO adsorption on

hycarogeh LIQAUGIIDNIL. . WY .Gt W - 15282825 o Lo 0p-- B H 29

A SaimulaybngdRreech) @RISRt - A W Ao B 30
CHAPTER IV STEAM BAGASSE GASIFICATION ..ottt it ittt 36
4.1~ Comparison results between simulation and experiment..........ccccooveevneee 36
4.2  Operating conditions in steam gasification ............ceciiieesiisinenreee 37
4.2.1 Effect of gasifier temperature on hydrogen production..........ccccceeeeeene. 38
4.2.2 Effect of gasifier pressure on hydrogen production ..........cccccceeevnneene. 39
4.2.3 Effect of steam to biomass mass ratio on hydrogen production............ 40

4.24 Effect of gasifier temperature and steam to biomass mass ratio on lower

NEATING VALUE ..t 42
4.3  Operating conditions in water gas shift ProCess.........cccecevveevnnnnnneens 43
4.3.1 Effect of water gas shift reactor temperature on hydrogen production 44

VI



432 Effect of water to biomass mass ratio on hydrogen production............. a5

4.4 Operating conditions in Ca0 adSOrPioN ........ceeeeeeirireeceeesee e 46
4.4.1 Effect of carbonator temperature on hydrogen production .................... 46
4.4.2 Effect of CaO to biomass mass ratio on hydrogen production ............... a8
4.4.3 Effect of regenerator temperature on CO, removal .......ccccceeerririnininen. 49

4.5  Summary of green hydrogen production through steam gasification from

bagasse integrated with Ca0 adSOrPLION ...t 50
CHAPTER V SUPERCRITICAL WATER BAGASSE GASIFICATION ... 54
5.1  Comparison results between simulation and experiment..........ccccoveeeneeee 54
5.2  Operating conditions in supercritical water gasification...........cccoceovviviiiiinns 55
521 Effect of gasifier temperature on hydrogen production........c.ccccoveeeene. 55
522 Effect of gasifier pressure on hydrogen production ........ccececceeieeirininne. 56

523 Effect of supercritical water to biomass mass ratio on hydrogen

@rodtiction<2 £2.11%)....... W S Sas DR ... O SS . A K 58

524 Effect of gasifier temperature and supercritical water to biomass mass

ratioton dower heatingwalues\ W S LG A d gl 60
53  Operating conditions in water gas shift Process.....c.coeoeviviviirnicnnniccnee 61

53.1 Effect of water gas shift reactor temperature on hydrogen production 62

53.2 Effect of water to biomass mass ratio on hydrogen production............. 63
5.4  Operating conditions in Ca0 adSOrption ..........ccccevieenniicnnecereeeeees 64
54.1 Effect of carbonator temperature on hydrogen production .................... 64
5.4.2 Effect of CaO to biomass mass ratio on hydrogen production ............... 65
543 Effect of regenerator temperature on CO, removal .......cccccceeevniiiceninnnes 66

Vil



55  Summary of green hydrogen production through supercritical water

gasification from bagasse integrated with CaO adsorption ........c.cceevecrniccnnnnn 67
CHAPTER VI CONCLUSION ...oociiiitiieiteieteie et 72
6.1 CONCLUSIONS ettt 72
6.2 RECOMMENAALIONS ...vieiiiiiieie e 74
REFERENCES ... 75
APPENDIX ...t g oo e reereaeesnanesasessasessasessasensasensasens 79
APPENDIX A Steam gasification integrated with CaO adsorption..........ccccevecvriiecene. 80
APPENDIX B Supercritical water gasification integrated with CaO adsorption ........... 90
AUTHQOR BIOGRAEIPY 23 . Y, v Tt A/ Ak N v £5 oo R N e 101



List of Tables

Page
Table 3.1 Ultimate and proximate analysis of bagasse? ..., 20
Table 3.2 Ultimate and proximate analysis of rice husk for steam gasification® ........ 24

Table 3.3 Ultimate and proximate analysis of wheat straw for SCW gasification®....... 24
Table 3.4 Parameters and operating conditions of steam gasification of bagasse....... 25
Table 3.5 Parameters and operating conditions of supercritical water gasification of
DAGASSE e Iy ¢ ¢t sear et seasae st sensas st sansasaaes 25
Table 3.6 Parameters and operating conditions of water gas shift reactor (WGS)....... 26
Table 3.7 Parameters and operating conditions of CaO adsorption...........cccccevvvvieenees 29
Table 3.8 Operating condition of each unit models in steam gasification of bagasse
integrated with CaO adsorption on hydrogen production. ..o ceiiieiseeceeeeeees 32
Table 3.9 Operating condition of each unit models in supercritical water gasification
of bagasse integrated with CaO adsorption on hydrogen production. .........cc.occceueueeee. 35
Table 4.1 The comparison of syngas production from steam gasification of rice husk
between experimental results by Loha et al.?? and simulation results in this study.. 37
Table 4.2 Optimal operating conditions of gasification, water gas shift reactor and
Ca0 a®s/rplign ..... =y S A\ E- @ ... [ X oo O e 50
Table 4.3 The gas composition obtained from the steam gasification from bagasse
integrated with Ca0 adSOrPTION.......cccviiiic ettt 51
Table 4.4 Data of each stream in a flowsheet of green hydrogen production through
steam gasification from bagasse integrated with CaO adsorption..........cccccevvreeieennnnen. 51
Table 4.5 Heat duty of each unit used in steam gasification integrated with CaO
adsorption under the optimal operating CONAItioN ........ccoevvvrrriree 53
Table 5.1 The comparison of syngas production from wheat straw between
experimental results by Wang et al.”> and simulation results in this study................... 55
Table 5.2 Optimal operating conditions of gasification, water gas shift reactor and

Ca0 AASOIPTION .ttt 68



List of Tables (Cont.)
Page

Table 5.3 The gas composition obtained from the supercritical water gasification from
bagasse integrated with CaO adSOrPLION .....c.cueueieieeeeeeee e 68
Table 5.4 Data of each stream in a flowsheet of green hydrogen production through
supercritical water gasification from bagasse integrated with CaO adsorption ............. 69
Table 5.5 Heat duty of each unit used in steam gasification integrated with CaO
adsorption under the optimal operating condition .....cc. e 70
Table A.1 The simulation results of gasifier temperature in bagasse gasification at
gasifier pressure of 1 bar and steam to biomass mass ratio of 0.1.......ccovveiercecinnnnnn. 81
Table A.2 The simulation results of gasifier pressure in steam gasification of bagasse
at gasifier temperature of 950 °C and steam to biomass mass ratio of 0.1................... 82
Table A.3 The simulation results in mole flow of steam to biomass mass ratio in

steam gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1

Table A.4 The simulation results in mole fraction of steam to biomass mass ratio in

steam gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1

Table A.5 The simulation results in mole flow of water gas shift reactor temperature
in steam gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1
bar, steam to biomass mass ratio of 0.1 and water to biomass mass ratio of 0.6....... 85
Table A.6 The simulation results in mole fraction of water gas shift reactor
temperature in steam gasification of bagasse at gasifier temperature of 950 °C, gasifier
pressure of 1 bar, steam to biomass mass ratio of 0.1 and water to biomass mass ratio

OF 016 1ttt st s et s eee 85

Xl



List of Tables (Cont.)
Page

Table A.7 The simulation results of water to biomass mass ratio in steam gasification
of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1 bar, steam to
biomass mass ratio of 0.1 and water gas shift reactor temperature of 150 °C.............. 86
Table A.8 The simulation results of carbonator temperature in steam gasification of
bagasse integrated with CaO adsorption at gasifier temperature of 950 °C, gasifier
pressure of 1 bar, steam to biomass mass ratio of 0.1, calcium oxide to biomass mass
ratio of 1.9 and regenerator temperature of 900 °C .....cc.ccoviiiiniiieenneceeeeeee 87
Table A.9 The simulation results of calcium oxide to biomass mass ratio in steam
gasification of bagasse integrated with CaO adsorption at gasifier temperature of 950
°C, gasifier pressure of 1 bar, steam to biomass mass ratio of 0.1, carbonator
temperature of 750 °C and regenerator temperature of 900 °C .......ccoovvereiiieieiieenes 87
Table A.10 Effect of regenerator temperature on the CO, mole flow rate released
from CaCO; at a gasifier temperature of 950 °C, gasifier pressure of 1 bar, steam to
biomass mass ratio of 0.1, calcium oxide to biomass mass ratio of 1.90, and
carbopdtof@esppergitiic 7D AL S N oo e ol 89
Table B.1 The simulation results of gasifier temperature in supercritical water
gasification of bagasse at gasifier pressure of 221 bar and supercritical water to
DIoMass MasS ratio OF 0.8 .. iiiimrei e ettt 91
Table B.2 The simulation results of gasifier pressure in supercritical water gasification
of bagasse at gasifier temperature of 1200 °C and supercritical water to biomass mass
FATIO OF 0.ttt ettt 93
Table B.3 The simulation results in mole flow of supercritical water to biomass mass
ratio in supercritical water gasification of bagasse at gasifier temperature of 1200 °C

and gasifier pressure of 221 Dar ... 93

Xl



List of Tables (Cont.)
Page

Table B.4 The simulation results in mole fraction of supercritical water to biomass
mass ratio in supercritical water gasification of bagasse at gasifier temperature of 1200
°C and gasifier pressure Of 221 DA ... 95
Table B.5 The simulation results in mole fraction of water gas shift reactor
temperature in supercritical water gasification of bagasse at gasifier temperature of
1200 °C, gasifier pressure of 221 bar, steam to biomass mass ratio of 0.4 and water to
biomass mass#ai® of 0.2 . S N NN Lttt e -G+ vererereeninininenanenes 96
Table B.6 The simulation results in mole flow of water gas shift reactor temperature
in supercritical water gasification of bagasse at gasifier temperature of 1200 °C, gasifier
pressure of 221 bar, steam to biomass mass ratio of 0.4 and water to biomass mass
rati@ @f OFA.... Y. gl \R/ LY. GREED.. X0 M M/ gy A e A N 96
Table B.7 The simulation results of water to biomass mass ratio in steam gasification
of bagasse at gasifier temperature of 1200 °C, gasifier pressure of 221 bar, supercritical

water to biomass mass ratio of 0.4 and water gas shift reactor temperature of 150 °C

Table B.8 The simulation results of carbonator temperature in steam gasification of
bagasse integrated with CaO adsorption at gasifier temperature of 1200 °C, gasifier
pressure of 221 bar, supercritical water to biomass mass ratio of 0.4, calcium oxide to
biomass mass ratio of 1.78 and regenerator temperature of 900 °C ........ccccevvvveninee 98
Table B.9 The simulation results of calcium oxide to biomass mass ratio in steam
gasification of bagasse integrated with CaO adsorption at gasifier temperature of 1200
°C, gasifier pressure of 221 bar, supercritical water to biomass mass ratio of 0.4,

carbonator temperature of 800 °C and regenerator temperature of 900 °C................. 98

Xl



List of Tables (Cont.)
Page

Table B.10 Effect of regenerator temperature on the CO, mole flowrate released
from CaCOj; at a gasifier temperature of 1200 °C, gasifier pressure of 221 bar,
supercritical water to biomass mass ratio of 0.4, calcium oxide to biomass mass ratio

of 1.78, and carbonator temperature of 800 °C......ccceerreriiree e 100

XV



List of Figures

Figure 2.1 Schematic diagram phase of Water. ... 14
Figure 3.1 Process flow diagram of hydrogen production from bagasse through
steam gasification integrated with CaO adsorption (SG-Ca0).......cccoveeirivirieiniiirieiinn 18
Figure 3.2 Process flow diagram of hydrogen production from bagasse through
supercritical water gasification integrated with CaO adsorption (SCWG-Ca0)................ 18
Figure 3.3 Flowsheet of hydrogen production from steam gasification of bagasse. ... 19

Figure 3.4 Flowsheet of hydrogen production from SCW gasification of bagasse. ...... 20

Figure 3.5 Diagram of installation of water gas shift reactor ..........cccoveiiiiiicccnnn 23
Figure 3.6 Diagram of CaO adsorption (Steam gasification). ..ot 27
Figure 3.7 Diagram of CaO adsorption (Supercritical water gasification). ............c..c........ 28

Figure 3.8 Diagram of green hydrogen production from steam gasification of bagasse
intggfateq wiphGamassar@iian J/... A \L /S brermerd €N .00 00 33
Figure 3.9 Diagram of green hydrogen production from supercritical water gasification
of bagasse integrated with CaO adSOrPLioN. ....vcciiii ittt 34
Figure 4.1 Effect of gasifier temperature on hydrogen production at gasifier pressure
of 1 bar and steam to biomass mass ratio Of 0.1 ...t 38
Figure 4.2 Effect of gasifier pressure on hydrogen production at gasifier temperature
of 950 °C and steam to biomass mass ratio Of 0.1 ... 39
Figure 4.3 Effect of steam to biomass mass ratio on (a) molar flow rate of gas product
and (b) mole fraction of gas product at gasifier temperature of 950 °C and gasifier
PrESSUNE OF 1 AT oottt 40
Figure 4.4 Effect of gasifier temperature on lower heating value
at steam to biomass Mass ratio Of 0.1, ... a2
Figure 4.5 Effect of steam to biomass mass ratio on lower heating value

at gasifier temperature of 950 °Cl. .o 43



List of Figures (Cont.)
Page

Figure 4.6 Effect of water gas shift reactor temperature on hydrogen production
at water to biomass Mass ratio Of 0.6........ccccviiriiiice e a4
Figure 4.7 Effect of water to biomass mass ratio on hydrogen production
at water gas shift reactor temperature of 150 °C. ..o a5
Figure 4.8 Effect of carbonator temperature on hydrogen production at a gasifier
temperature of 950 °C, steam to biomass mass ratio of 0.1, CaO to biomass mass ratio
of 1.9, and regenerator temperature of 900 C.....cciiiriimerrieeii i 46
Figure 4.9 Effect of CaO to biomass mass ratio on hydrogen production at a gasifier
temperature of 950 °C, steam to biomass mass ratio of 0.1, carbonator temperature
of 750 °C-and regenerator temperature of 900 °Ci.....ccooiiiiiicirieeiste e a8
Figure 4.10 Effect of regenerator temperature on the CO, mole flow rate released
from CaCOs; at a gasifier temperature of 950 °C, steam to biomass mass ratio of 0.1,
Ca0 to biomass mass ratio of 1.9, and carbonator temperature 750 °C......cc.occoeveenee. 49
Figure 5.1 Effect of gasifier temperature on hydrosen production at gasifier pressure
of 221 bar and supercritical water to biomass mass ratio of 0.4. .....cceeiivieeceicennen. 55
Figure 5.2 Effect of gasifier pressure on hydrogen production at gasifier temperature
of 1200 °C and supercritical water to biomass mass ratio of 0.4. ......ccc.covevvicnninne 56
Figure 5.3 Effect of supercritical water to biomass mass ratio on (a) molar flow rate of
gas product and (b) mole fraction of gas product at gasifier temperature of 1200 °C,
gasifler Pressure Of 221 DAl ... seeee 58
Figure 5.4 Effect of gasifier temperature on lower heating value at supercritical water
to biomMass Mass ratio OF 0.0 ... 60
Figure 5.5 Effect of supercritical water to biomass mass ratio on lower heating value

at gasifier temperature of 1200 C. ..o 61

XV



List of Figures (Cont.)
Page

Figure 5.6 Effect of water gas shift reactor temperature on hydrogen production
at water to biomass Mass ratio Of 0.2........ccciiiiie e 62
Figure 5.7 Effect of water to biomass mass ratio on hydrogen production
at water gas shift reactor temperature of 150 °C. ..o 63
Figure 5.8 Effect of carbonator temperature on the mole fraction of gas product
composition exited from a carbonator at a gasifier temperature of 1200°C, supercritical
water to biomass mass ratio of 0.4, CaO to biomass mass ratio of 1.78, and regenerator
temperatfref900 cme) mme. $er M. ... O . o PP B errrroefommmmmn o eeve e Mo B e eeeeeeeaerrennnenns 64
Figure 5.9 Effect of calcium oxide to biomass mass ratio on hydrogen production at a
gasifier temperature of 1200 °C, supercritical water to biomass mass ratio of 0.4,
carbonator temperature of 800 °C and regenerator temperature 900 °C. .........ccoco...... 65
Figure 5.10 Effect of regenerator temperature on the CO2 mole flow rate released
from CaCO3 at a gasifier temperature of 1200 °C, supercritical water to biomass mass

ratio of 0.4, CaO to biomass mass ratio of 1.78, and carbonator te mperature 800 °C.

XVII



CHAPTER |

INTRODUCTION

1.1 Background

The issue of carbon emissions and the resulting greenhouse effect has become
a major concern worldwide. The world is constantly looking for ways to reduce
carbon emissions, and hydrogen production is providing to be one of the most
promising solutions. Hydrogen is a versatile and clean fuel that has the potential to
revolutionize the way we power our homes, vehicles, and industries. The benefits of

hydrogen as a clean fuel are well known.

Hydrogen? is a clean and renewable fuel that can be used in fuel cells to
generate electricity and heat. It can also be used as a fuel for vehicles, and as a
feedstock for the chemical industry. Hydrogen is an efficient and environmentally
friendly energy source in which the combustion process produces only water vapor
and heat. It is also highly versatile, as it can be produced from a variety of feedstocks,
including natural gas, coal, and biomass. This work focuses on green hydrogen which
is hydrogen gas generated through renewable energy sources such as wind, solar,
hydropower, geothermal energy, or biomass, rather than relying on fossil fuels. The
term "green" highlights its eco-friendly production process, which results in minimal

to zero greenhouse gas emissions.

Biomass?, which includes organic materials such as agricultural and forestry
waste, is a promising feedstock for hydrogen production because it is abundant,
renewable, and found in many countries, including Thailand. Thailand is an
agricultural country that generates a large amount of biomass waste such as bagasse,
rice husks, and coconut shells. The use of biomass for hydrogen production not only

reduces the amount of waste, but also increases the value of agricultural residues



that would otherwise be discarded. Biomass can be converted to hydrogen through a
process called gasification. Gasification involves heating biomass in the presence of a
gasifying agent such as steam, oxygen, or supercritical water to produce a mixture of
hydrogen, carbon monoxide, and carbon dioxide. The efficiency of gasification
depends on various factors such as the quality of the feedstock, gasifying agent, and

the operating conditions.

Motta et al.® conducted a study focusing on optimizing sugarcane bagasse
gasification conditions to produce syngas mixtures for potential use in the production
of liquid fuels and chemicals. This research analyzed various parameters, including
temperature, pressure, steam-to-biomass ratio, moisture content, fluidized bed
configurations, and gasifying media, to understand their effects on syngas composition
and process performance. Their study revealed that temperature played a critical
role in increasing CO generation and decreasing CO, formation during sugarcane
bagasse gasification. Among the assessed scenarios, the circulating fluidized bed
reactor demonstrated the most suitable performance, leading to higher H, and CO
generation, lower CO, and CHy production, as well as improved H,/CO ratio, dry
syngas flow rates, and cold gas efficiency. The use of oxygen as an oxidizing agent,
however, reduced H, content and increased CO concentration, resulting in a lower
syngas H,/CO ratio, lower heating value, and reduced cold gas efficiency. The study
recommended the steam-blown circulating fluidized bed for future synthesis
processes, and corresponding response surfaces for H,/CO ratio and cold gas
efficiency were derived. Overall, Motta et al.®> 's research highlights the significant
influence of different parameters on syngas composition and overall process

performance during sugarcane bagasse gasification.

Begum et al.” investigated an integrated fixed bed gasifier model's performance
with different biomass feedstocks using Aspen Plus software. Through Gibbs free

energy minimization and validation with experimental data from municipal solid



waste (MSW) and food waste gasification literature, they explored the effects of
operating conditions (air-fuel ratio and gasifier temperature) on syngas production for
wood, coffee bean husks, green wastes, and municipal solid wastes (MSWs). The
researchers found that an air-fuel ratio of 0.3 and gasifier temperature of 700 °C
resulted in the best performance for the fixed bed gasifier across all four feedstocks.
The model's potential extends to gasification of other biomasses, providing valuable
insights into optimal operating conditions for biomass gasification. Therefore, the
optimization of the gasification process is crucial to achieve maximum hydrogen

production and efficiency.

Gasification is a versatile process that allows the utilization of various gasifying
agents in biomass gasification, such as air, steam, oxygen, supercritical water or a
combination of these, to efficiently convert biomass into valuable syngas. In
conventional biomass gasification, steam is commonly used as the gasifying agent
due to its ability to react with the biomass, producing syngas containing hydrogen.
However, there is a growing interest in exploring supercritical water as a potential
replacement for steam to produce hydrogen, as supercritical water offers higher
temperatures and pressures, leading to more efficient gasification reactions and
increased hydrogen yields, making it a promising option for hydrogen production from
biomass. Researchers>® are keenly interested in both steam and supercritical water as
gasifying agents in biomass gasification due to their unique properties. Steam
gasification is well-established and widely used, offering moderate temperatures and
pressures, facilitating the production of syngas for various applications. On the other
hand, supercritical water gasification, operating at higher temperatures and pressures
beyond its critical point, shows great promise in achieving higher gas yields, increased
efficiency, and hydrogen-rich syngas, making it an attractive alternative for sustainable
hydrogen production from biomass. Comparatively, while steam gasification is more

mature and widely adopted, supercritical water gasification holds potential for more



efficient and hydrogen-enriched syngas generation, thereby offering a more
sustainable pathway for biomass utilization in hydrogen production. Further research
and development will be essential to fully understand and harness the benefits of

both techniques in various applications.

Carbon capture is an essential part of hydrogen production from biomass, as
the carbon dioxide produced during gasification must be captured to prevent it from
being released into the atmosphere. There are many ways to capture carbon, but
one method that stands out is calcium oxide (CaO) adsorption. This uses a solid
material as CaO to capture carbon dioxide. This approach offers several benefits,
including cost-effectiveness, wide availability, reusability and non-toxicity. However, it
should be noted that an increase in regeneration cycles leads to a reduction in

adsorption efficiency.

In this study, Aspen Plus software was used to model the production of green
hydrogen from bagasse gasification. Bagasse was chosen as the feedstock for this
study because it is a readily available and inexpensive feedstock in Thailand. This
study aims to determine the optimal operating conditions of the green hydrogen
production through gasification integrated with CaO adsorption for CO, capture. The
main target of the study was to produce green hydrogen which is hydrogen produced

from renewable energy sources with minimal carbon emissions.

1.2 Objectives

1.2.1  To develop a process design for green hydrogen production from bagasse
gasification integrated with CaO adsorption.

1.2.2 To investigate the effect of operating conditions of bagasse gasification
on hydrogen production.

1.2.3  To analyze the effect of operating conditions of CaO adsorption on

hydrogen production.



1.2.4 To compare the green hydrogen production obtained from integrated

process that uses steam and supercritical water as gasifying agent.

1.3 Scopes of work

1.3.1 Design and simulate two processes of green hydrogen production that
include steam gasification integrated with CaO adsorption and supercritical water
gasification integrated with CaO adsorption by Aspen Plus version 12 simulation
software. Bagasse is considered as feedstock in gasification process.

1.3.2 Validate the simulation results with the experimental data from the
literature.

1.3.3  Study the effect of operating conditions of steam gasification process on
hydrogen production. The parameters are examined as follows:

4 gasifier temperature (600 - 1200 °C)

- gasifier pressure (1 — 15 bar)

- steam to biomass mass ratio (0.1 — 2.0)

1.3.4  Study the effect of operating conditions of supercritical water gasification
process on hydrogen production. The parameters are examined as follows:

- gasifier temperature (375 - 1200 °C)

- gasifier pressure (221 - 350 bar)

- steam to biomass mass ratio (0.1 — 2.0)

1.3.5 Study the effect of operating conditions of water gas shift process on
hydrogen production in both steam and supercritical water gasification. The parameters
are examined as follows:

- water gas shift reactor temperature (150 — 400 °C)

- water to biomass mass ratio (0.1 — 1.5)



1.3.6  Study the effect of operating conditions of CaO adsorption on hydrogen
production in both steam and supercritical water gasification. The parameters are
examined as follows:

- Carbonator temperature (650 — 850 °C)

- Calcium oxide to biomass mass ratio (0.1 — 2.5)

- Regenerator temperature (400 - 1400 °C)

1.4 Expected outputs

1.4.1  The process model of green hydrogen production produced from bagasse
gasification integrated with CaO adsorption can be obtained and used by other
researchers.

1.4.2 The optimal operating conditions of green hydrogen production can be
provided. The obtained results can be guideline for green hydrogen production from

bagasse gasification integrated with CaO adsorption.



CHAPTER Il

LITERATURE REVIEW

2.1 Biomass

Biomass' is any type of organic matter that is a natural reservoir of solar energy?®
and can be used to produce energy. Not counting the conversion to fossil fuels. They
are usually made from waste or agricultural residues or from industrial processes
such as rice husks, rice straw, bagasse, leaves and tops of sugar cane, wood chips,
fibers and palm shells, cassava pulp, corn cobs, husks and coconut shells, solid waste
or even animal manure. It is an alternative energy source, which has been widely
discussed today because it is renewable all the time. It is not used up like fuel such

as oil, natural gas, or coal. Biomass electric power is an alternative to using biomass

as a fuel for production.

2.2 Biomass energy

Biomass energy’ is the energy produced by using biomass or organic materials
of all forms as natural energy storage sources such as organic waste, agricultural
waste, residues from industrial processes, animal manure, fuel crops such as rice
husks, rice straw, bagasse, sugarcane leaves and shoots, wood, wood chips, fibers and
palm shells, cassava pulp, corn cobs, husks and coconut shells come through
processing such as fermentation, combustion, gasification or other processes until it is

heat or gas to be utilized or converted into electrical energy.

2.3 Advantages of bioenergy/biomass
2.3.1 It can be produced from a wide range of raw materials and can be used

in a variety of applications.



2.4

2.5
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233

234

2.3.5

236

It is a renewable energy that can be produced indefinitely and never run
out like fossil energy. Including not negatively impacting the environment
like fossil energy.

It helps reduce the amount of waste and bio-waste generated in
households and industries while helping to reduce landfill waste.

It is cheaper compared to using fossil energy.

Suitable for agricultural countries. This is because it adds value to
agricultural waste and increases income for farmers, helping to develop
the basic economy.

The remaining products in the production process can be used to make

organic fertilizers and compost to bring back to use in agriculture.

Disadvantages of bioenergy/biomass

24.1

2.4.2

243

244

The technology and equipment used to produce high-quality production
are still quite expensive. Especially bioenergy that needs expertise in raw
material management.

Some biomass energy also generates carbon dioxide and fumes in
production.

Some agricultural raw materials have short shelf life, and some have
seasonal production cycles. Therefore, the volume may be uneven at
certain times.

A large amount of land is needed to produce energy as well as to store

raw materials from agricultural crops.

Process of transforming biomass into various forms of energy'’

2.5.1

Combustion

When biomass is burned. The heat will be released according to the

calorific value of the biomass type. The heat obtained by incineration can be



used to produce steam at high temperatures and pressures. This steam is then
used to drive steam turbines to generate electricity. Examples of this type of

biomass are agricultural waste and wood chips.
2.5.2 Gasification

Gasification is the process of converting solid fuels or biomass into fuel
gas called biogas, consisting of methane, hydrogen and carbon monoxide which

can be used for gas turbines.
2.5.3 Fermentation

Fermentation is the use of biomass to ferment with bacteria in anaerobic
conditions. Biomass will be decomposed and broken down. It produces biogas
that is composed of methane and carbon dioxide. Methane gas is used as a

fuel in engines for generating electricity.

2.5.4 Production of liquid fuels from plants with the following production
processes:

y Biological processes will decompose starch, sugar, and cellulose from
agricultural plants such as sugarcane and cassava into ethanol to be used as
liquid fuel in gasoline engines.

- Physics and chemical processes by extracting oil from oil plants and then
transferring the oil to the process of transesterification to produce biodiesel.

- High heat processes such as pyrolysis process. When agricultural materials
are highly heated in anaerobic conditions, they decompose into fuel in the form

of liquid and gas mixed together.
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2.6 Bagasse

Bagasse!! is the remnants of sugarcane stalks, which are a fiber that has been
crushed to remove sugar cane juice or sugar from sugarcane. It is agricultural waste
from the sugar industry. Each year, there is a large amount of bagasse left from the
production process. Bagasse is an agricultural biomaterial composed mainly of organic
matter. They are high in carbon and cellulose (55% and 48.5% respectively) and are

biodegradable by microorganisms.
Advantages of bagasse'?

- Used as a fuel for electricity generation. Bagasse is a by-product of the
sugarcane crushing process. The bagasse has flammable properties. It consists
of the main elements: Carbon, Hydrogen, Oxysen and Nitrogen. It has a low
heating value, suitable for use as a fuel for power generation.

- Used to produce construction materials mixed with adhesives such as particle
board, fiber-overlaid plywood, and insulation board, etc.

- Used to make food packaging. The packaging made from bagasse pulp is a
packaging that is friendly to users and the environment.

- Used as animal feed. By fermenting bagasse before feeding animals.

- Biochar can be produced using thermal chemistry from organic raw materials.
Bagasse is another good raw material due to its high carbon content, which is
currently being used in many fields, including increasing soil fertility use as fuel,
use as absorbent material and carbon storage, etc.

- Used to make compost. It uses bagasse to compost together with manure,
sludge, or scientific fertilizer; to support animal manure and continue to make
compost.

- Use as mulch to maintain soil moisture and prevent weeds.
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2.7 Gasification process

Gasification’ is the process of converting biomass into producer gas. Partial
oxidation of biomass with steam (H,0), oxygen (O,) or air. The reactor is called gasifier.
The resulting fuel gas has a different composition depending on the type and
properties of the biomass used as the reactant. The main components of fuel gas
include carbon monoxide (CO) and hydrogen (H,), which may contain some methane
(CH4) and carbon dioxide (CO,). Other products are also obtained, such as tar and ash.

The gasification process in the gasifier is divided into 4 zones'® as follows:
2.7.1 Drying zone

It is the zone at the top that is responsible for drying and evaporating the water
from the raw materials by heat. In the temperature range from about 40-200 °C, at
such temperature, the humidity can be reduced by about 5% and the moisture
content of raw materials suitable for use should be lower than 30 percent in order

for the fuel raw materials to have dryness and easy to ignite.
2.7.2 Devolatilization zone or Pyrolysis zone

It is a zone that is attached to the combustion zone and is directly heated by
the combustion zone by devolatilization or pyrolysis, where charcoal, gas, byproducts
and tar are obtained. The reactions occur in the temperature range of about 500-600

°C.
2.7.3 Combustion zone

In the gasifier furnace, there is a special area that generates heat and sends it to
other parts. This zone is where a reaction happens that involves burning the raw
material or carbon from another area to create both carbon dioxide and heat. The
heat produced is then sent directly to the reduction and pyrolysis sections, as well as

the drying area.
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2.7.4 Reduction zone

It is a zone that produces syngas. It contains carbon monoxide and hydrogen as
the main products. By the process of converting carbon into syngas, the reaction
takes place in the temperature range of about 800-1000 °C of combustion under air-

limiting conditions, which will break up the carbon and tar into syngas.

2.8 Syngas

Synthesis gas'?, also known as syngas, is a term for a gas product developed
from the synthesis of hydrogen and carbon monoxide by several production
methods. Some of the methods used to produce syngas include coal gasification,
natural gas steam reforming, waste to energy and biomass power generation. Syngas
is also an intermediate by-product developed during the processing of ammonia,
methanol, synthetic petroleum, or synthetic natural gas. Syngas can be used as a

lubricant or fuel.

Syngas is often used to generate steam and electricity and is a chemical
ingredient in the petrochemical refining business. Petroleum byproducts that may
become waste can be preserved as raw materials for production. These materials
react under greatly elevated pressure and temperature in the reactor to produce
syngas. During gasification, any material containing carbon can be converted. Biomass

production is the most commonly used method in syngas production.

The lower heating value (LHV) refers to the heat value that is released after
complete combustion when the water contained in the fuel and produced by
combustion is in the form of steam. The lower heating value is important for syngas
production as it enables the optimization of process parameters, influences product

quality, and has implications for energy efficiency and economic considerations. The
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calculation of the lower heating value (LHV), which is an important consideration in

the production of synthesis gas, can be expressed as Equation (2-1)".

LHV = 12.60 CO + 10.79 H, + 35.87 CH,4 (2-1)

where LHV is lower heating value (MJ/Nm?), CO is mole fraction of carbon monoxide,

H, is mole fraction of hydrogen and CH, is mole fraction of methane.

2.9 Supercritical water

Supercritical water’® is a state of water that exists at temperatures and pressures
above its critical point, which temperature is approximately 374 °C and pressure is
approximately 221 bar (or 22.1 MPa). At this point, water undergoes a phase transition

and becomes a supercritical fluid with properties of both a liquid and a gas.

Supercritical water is characterized by its unique properties, including high
density, low viscosity, and high diffusivity, which make it useful for a variety of
industrial applications. It is used in the production of biofuels, as a solvent for
chemical reactions, and as a coolant in nuclear reactors, among other applications.
Supercritical water is also being researched as a potential method for waste treatment
and destruction, as it can break down organic materials to their basic components

through oxidation.
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Figure 2.1 Schematic diagram phase of water.

2.10 CO, capture process

Currently, there are various methods to capture carbon dioxide gas, including
the use of liquid absorbents, membrane separation, reducing temperature to
condense carbon dioxide gas into a liquid, and the use of solid adsorbents. This
research will specifically explain the technology of carbon dioxide capture using the

solid adsorption'” of calcium oxide (Ca0).

The process of carbon dioxide capture by calcium oxide adsorption is one
method of capturing carbon dioxide. In this process, carbon dioxide is passed through
the calcium oxide adsorption unit, and a reaction between calcium oxide and carbon
dioxide occurs, called "carbonation." This results in the formation of calcium

carbonate (CaCOs).

This process is called "CaO adsorption" and is an effective method of capturing
carbon dioxide. Calcium oxide can be reused multiple times and the carbon dioxide
that is adsorbed can be used in further processes. Calcium carbonate can be broken
down by heat, called "calcination," to produce carbon dioxide and calcium oxide,

which can then be reused in the adsorption process.
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2.11 Literature review

Motta et al.!® aims to simulate and analyze different operating parameters,
fluidizing media, and gasifier types for sugarcane bagasse gasification. Sugarcane
bagasse gasification is a thermochemical process that converts sugarcane residue
(bagasse) into syngas, which can be used to generate heat, electricity, and liquid
fuels. The study analyzes the influence of various operational parameters such as
temperature, pressure, steam to biomass mass ratio (S/B), and moisture content on
syngas composition and process performance. The fluidized bed configurations
(bubbling and circulating) and gasifying media (steam and steam-oxygen) were also
studied. The results show that temperature is crucial for higher hydrogen and carbon
monoxide production, CO, consumption, higher syngas lower heating value (LHV),
and higher cold gas efficiency (CGE). Among the gasifier configurations, the circulating
fluidized bed was recommended for future synthesis processes, since it led to higher
hydrogen and carbon monoxide generation, lower carbon dioxide and methane

production.

Shahbaz et al." presents a simulation model of steam gasification of palm
kernel shell (PKS) with CO, capture through CaO sorbent using Aspen plus. The
objective of the study was to investigate the effect of key parameters like
temperature, steam/biomass ratio, and CaO to biomass ratio on syngas yield. The
simulation results showed that the hydrogen concentration increased from 65 to
79.32 vol % with the increase of temperature from 650 to 700 °C. The CO, content
was reduced from 20 to 5.32 vol % by increasing the CaO to biomass ratio from 0.5
to 1.42. The maximum hydrogen content predicted is 79.32 vol %, and the minimum
carbon dioxide content is 5.42 vol % found at operating parameters including a
temperature of 700 °C, steam/biomass ratio of 1.5, and CaO to biomass ratio of 1.42.
The system performance was evaluated through carbon conversion efficiency, cold

gas efficiency and gasification efficiency, lower and higher heating values by varying
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the gasification temperature, steam to biomass ratio, and CaO to biomass ratio. The
simulation model predicted results were compared with experimental data obtained

from the experimental set up used in the simulation.

Li et al.? studied the effect of adding absorbents (such as CaO) for in-situ CO,
removal during the steam gasification process of biomass to produce more hydrogen.
A model of calcium oxide enhanced steam gasification of biomass for hydrogen
production was built using Aspen Plus software. The results showed that increasing
the molar ratio of calcium to carbon and the steam to biomass ratio can increase the
hydrogen concentration and production, while higher pressure (>0.6 MPa) is not
favorable for hydrogen formation. The suitable condition for hydrogen production is
at a gasification temperature of 600-700 °C, with atmospheric pressure or slight
pressurization (0.6 MPa), and the molar ratio of calcium to carbon should be greater

than or equal to the carbon conversion rate.



CHAPTER IlI

RESEARCH METHODOLOGY

In this chapter, the process description of green hydrogen production from
bagasse gasification integrated with CaO adsorption is presented. Section 3.1 presents
the process overview of hydrogen production from steam and supercritical water
gasification of bagasse integrated with CaO adsorption. Next, the process models of
hydrogen production from steam and supercritical water gasification of bagasse are
described Section 3.2. Section 3.3 explains the process model of CaO adsorption for

CO, capture. While Section 3.4 provides an overview of the simulation approach.

3.1 Process overview of hydrogen production from bagasse gasification

integrated with CaO adsorption

The process flow diagrams of hydrogen production from bagasse through steam
gasification integrated with CaO adsorption (SG-CaO) and supercritical water
gasification integrated with CaO adsorption (SCWG-Ca0) are demonstrated in Figures
3.1 and 3.2. Both processes consist of three parts. The first part involves bagasse
gasification, wherein syngas is produced through the gasification process using a
gasifying agent like steam or supercritical water. The primary objective of this project
is to generate hydrogen; hence, the obtained syngas from bagasse gasification
undergoes improvement in the second part, known as the water gas shift process. In
this step, carbon monoxide is converted to hydrogen and carbon dioxide. Finally, the
syngas is delivered to the third part, the CaO adsorption process, where carbon

dioxide is captured using calcium oxide, resulting in the production of green hydrogen.
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Figure 3.1 Process flow diagram of hydrogen production from bagasse through

steam gasification integrated with CaO adsorption (SG-CaO)
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Figure 3.2 Process flow diagram of hydrogen production from bagasse through

supercritical water gasification integrated with CaO adsorption (SCWG-CaO)
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3.2 Process model of hydrogen production from bagasse gasification
The flowsheet of the steam gasification and supercritical water gasification
processes designed in Aspen Plus version 12 simulation software are illustrated in
Figures 3.3 and Figure 3.4, respectively. Bagasse is utilized as a feedstock. In this
project, the non-conventional components of biomass are specified in the Aspen
Plus simulator, and the ultimate and proximate analysis of bagasse as presented in
Table 3.1 are defined in the simulation. The devolatization of biomass is carried out
in the decomposition unit (DECOMP), converting non-conventional components
(BAGASSE stream) into conventional components (INGASIF stream). Then, INGASIF
stream is transferred to the gasification unit (GASIF). The gasification unit utilizes a
gasifying agent, which can be steam (STEAM2 stream) or supercritical water (SCW

stream), to react with the biomass.

DECOMP GASIF

1
U

SEP-ASH

BAGASSE

ASH
STEAM2

HEATER1

> STEAM1 W

Figure 3.3 Flowsheet of hydrogen production from steam gasification of bagasse.
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Figure 3.4 Flowsheet of hydrogen production from SCW gasification of bagasse.

Table 3.1 Ultimate and proximate analysis of bagasse?!

Ultimate Analysis

Composition (%)

Carbon 49.80
Hydrogen 6.00
Oxygen 43.90
Nitrogen 0.20
Chlorine 0.04
Sulphur 0.06

Proximate Analysis

Composition (%)

Moisture 10.4
Volatile matter 76.6
Fixed Carbon 11.1
Ash 1.9

In the case of steam gasification, a heater (HEATER1) must be installed to

increase the temperature of the steam prior to entering the gasification unit.

Conversely, if supercritical water (SCW) is used as the gasifying agent, both a pump
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(PUMP) and heater (HEATER1) must be installed to increase the pressure and
temperature of the water, respectively, before entering the gasification unit (GASIF).

Many possible of chemical reactions can be taken place, as described below:

Char partial combustion:

C+0.50, = CO AH =-111 kJ/mol (3-1)
C combustion:

C+ 0O, = CO, AH = -394 kJ/mol (3-2)
CO partial combustion:

CO + 0.50, = CO, AH = -284 kJ/mol (3-3)
Methane combustion:

CHq + 20, <> CO, + 2H,0 AH = -803 kJ/mol (3-4)
H, partial combustion:

H, + 0.50, = H,O AH = -242 kJ/mol (3-5)
Boudouard reaction:

C+ CO, <> 2C0O AH = +172 kJ/mol (3-6)
Water gas reaction:

C+H,O«>CO+H, AH = +131 kJ/mol (3-7)
Hydrogenation reaction:

C 4+ 2H, <= CH, AH = -74.8 kJ/mol (3-8)
Water gas shift reaction:

CO + H,0 <> CO, + H, AH = -41.2 kJ/mol (3-9)
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Methanation reaction:

2CO + 2H, = CH, + CO, AH = -247 kJ/mol (3-10)
CO + 3H, <> CHy + H,0 AH = -206 kJ/mol (3-11)
CO, + GH, = CHq + 2H,0 AH = -165 kJ/mol (3-12)

Reforming reaction:

CHy + H,O <> CO + 3H, AH = +206 kJ/mol (3-13)

The gas obtained from bagasse gasification (OUTGASIF stream) consists of
hydrogen, carbon monoxide, carbon dioxide, other gases, and ash. The ash can be
further removed through a cyclone (SEP-ASH). Since the gas product in the INWGS
stream contains a high amount of carbon monoxide, it is necessary to install a water
gas shift reactor to convert the carbon monoxide into more carbon dioxide and
hydrogen by introducing water into the process. Figure 3.5 illustrates a diagram of
installation of water gas shift reactor in both steam and supercritical water gasification.
From Figure 3.5, the WATER stream was heated by heater (HEATER2) before entering
water gas shift reactor (WGS), where the water gas shift reaction (Eq. (3-9)) occurs. As
a result, an INADSORB stream with a reduced amount of carbon monoxide is obtained
from the water gas shift reactor. In order to obtain pure hydrogen, it is necessary to
remove the carbon dioxide from the gas mixture, which can be achieved through

adsorption, using calcium oxide (CaO) as an adsorbent.
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Figure 3.5 Diagram of installation of water gas shift reactor

(Both steam and supercritical water gasification).

3.2.1 Validation of simulation results with experimental data

In order to verify the efficacy of the proposed Aspen Plus simulation process
model, the simulation results of gasification were validated by comparing with
experimental data of Loha et al.?. Rice husk was the feedstock utilized in their steam
gasification experiment. The ultimate and proximate analysis of rice husk used in their
experiment is shown in Table 3.2. In their experiment, the gasifier was operated at a
temperature of 750 °C and a pressure of 1 bar, with a steam to biomass mass ratio of

1.

Additionally, Wang et al.®> performed supercritical water gasification from wheat
straw in which the ultimate and proximate analysis data are provided in Table 3.3.
The gasifier used in their experiment operated at a temperature of 750 °C and

pressure of 230 bar and supercritical water to biomass mass ratio of 1.



Table 3.2 Ultimate and proximate analysis of rice husk for steam gasification®
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Ultimate Analysis

Composition (%)

Carbon 38.43
Hydrogen 297
Oxygen 36.36
Nitrogen 0.49
Sulphur 0.07
Ash 21.68

Proximate Analysis

Composition (%)

Volatile matter 55.54
Fixed Carbon 14.99
Ash 19.52
Moisture 9.95

Table 3.3 Ultimate and proximate analysis of wheat straw for SCW gasification®

Ultimate Analysis

Composition (%)

Carbon 38.43
Hydrogen 297
Oxygen 36.36
Nitrogen 0.49
Sulphur 0.07
Ash 21.68

Proximate Analysis

Composition (%)

Volatile matter 55.54
Fixed Carbon 14.99
Ash 19.52
Moisture 9.95
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3.2.2 Investigation on effect of operating conditions in bagasse gasification
In this section, both steam gasification and supercritical water gasification of
bagasse were examined to analyze the effects of key gasification parameters including
gasifier temperature, gasifier pressure, and gasifying agent (steam or supercritical water)
to biomass mass ratio on the production of hydrogen. The parameters for steam
gasification process are shown in Table 3.4 while Table 3.5 presents the parameters

for the supercritical water gasification process.

Table 3.4 Parameters and operating conditions of steam gasification of bagasse

Parameter Operating condition
Gasifier temperature (°C) 600 - 1200
Gasifier pressure (bar) 1-15
Steam to biomass mass ratio 0.1-20

Table 3.5 Parameters and operating conditions of supercritical water gasification of

bagasse
Parameter Operating condition
Gasifier temperature (°C) 375 - 1200
Gasifier pressure (bar) 221 = 350
Supercritical water to biomass mass ratio 0.1-20
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3.2.3 Investigation on effect of operating conditions in water gas shift
reactor

In this section, both steam gasification and supercritical water gasification of
bagasse were examined to analyze the effects of key water gas shift reactor
parameters including water gas shift reactor temperature, and water to biomass mass

ratio. The parameters for water gas shift reactor (WGS) are shown in Table 3.6.

Table 3.6 Parameters and operating conditions of water gas shift reactor (WGS)

Parameter Operating condition
Water gas shift reactor temperature (°C) 150 - 400
Water to biomass mass ratio 0.1-15

3.3 Process model of CaO adsorption for CO, capture

Figures 3.6 and 3.7 illustrate a diagram of CaO adsorption integrated in steam
and supercritical water gasification, respectively. In the CaO adsorption unit, the
INADSORB stream obtained from the water gas shift unit is reacted with calcium oxide
(CAO stream) in the adsorber unit (ADSORBER). Inside this unit, a carbonation reaction
(Eqg. (3-14)) takes place between carbon dioxide and calcium oxide, resulting in the
formation of solid calcium carbonate. The OUTADSOR stream contains calcium
carbonate, hydrogen, and other components, which is then directed to the separator
(SEP-1). The separator is responsible for separating the solid calcium carbonate from
the gases. The separated calcium carbonate is referred to as the CACO3 stream, while

the gases are represented with the LEAN-CO2 stream.
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The CACO3 stream is sent to the regenerator (DESORBER), where a calcination
reaction (Eq. (3-15)) takes place, causing the calcium carbonate to break down into
carbon dioxide and calcium oxide. This process enables the calcium oxide to be

reused in future adsorption processes.
Carbonation reaction:
Ca0 + CO, — CaCOs AH = +178 kJ/mol (3-14)
Calcination reaction:

CaCO; = Cal + CO, AH = -178 kJ/mol (3-15)

ADSORBER

INADSORB OUTADSOR

HEATER3

[xceg]
<& CO2
DESORBER
-
SEP-2 = -
| >4
-
T
@

Figure 3.6 Diagram of CaO adsorption (Steam gasification).
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HEATER3

SEP-2 DESORBER

OUTDESOR

Figure 3.7 Diagram of CaO adsorption (Supercritical water gasification).

The LEAN-CO2 stream is directed to the gas separator (SEP-GAS) for the purpose
of separating the hydrogen (H2 stream) from other gases (GAS stream). The H2 stream
is cooled to reduce its temperature. If steam gasification is.employed (Figure 3.6), a
flash separator (FLASH) is necessary to separate water from hydrogen. However, in
the case of supercritical water gasification (Figure 3.7), no additional equipment is

required. As a result, the HYDROGEN stream achieves the highest level of purity.
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3.3.1 Investigation on effect of operating conditions in CaO adsorption on
hydrogen production

In CaO adsorption unit, the impact of key parameters such as calcium oxide to
biomass mass ratio, carbonator temperature (ADSORBER), and regenerator
temperature (DESORBER) on the production of hydrogen during CaO adsorption were
analyzed. The parameters relevant to both steam and supercritical water gasification

are considered in Table 3.7.

Table 3.7 Parameters and operating conditions of CaO adsorption

Parameter Operating condition
Carbonator temperature (°C) 650 - 850
Calcium oxide to biomass mass ratio 0.1-25
Regenerator temperature (°C) 400 - 1400

Based on the studies, the optimal operational parameters for bagasse
gasification integrated with CaO adsorption have been determined, leading to the

accomplishment of the highest purity in hydrogen production.
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3.4 Simulation approach

Figures 3.8 and 3.9 present the green hydrogen production process from the
integration of bagasse gasification and CaO adsorption with different gasifying agents.
The simulation of green hydrogen production process is performed through Aspen
Plus version 12 simulation software. The Peng-Robinson with Boston-Mathias
modifications? is selected as equation of state since the chosen property method is
capable of delivering reliable and accurate results across a wide range of
temperatures and pressures, exhibiting consistency especially in the critical region. In
order to determine the physical properties of non-conventional biomass components,
enthalpy and density, HCOALGEN and DCOALIGT are crucial parameters that are used

for calculation.

Firstly, the composition of bagasse is defined as indicated in Table 3.1. In the
study of the SG-CaO process, the operating conditions for gasification, water gas shift
reactor, and CaO adsorption are defined as shown in Table 3.8. In the case of the
SCWG-Ca0 process, the operating conditions are defined according to Table 3.9. The
equilibrium gas compositions during the gasification process are determined using the
minimum Gibbs free energy method. When the gas product obtained from gasification
process is introduced to water gas shift reactor and CaO adsorption process, the

green hydrogen can be provided as reported in HYDROGEN stream.

In this work, two integrated processes for hydrogen production are considered,
namely SG -CaO and SCWG-CaO process. To determine the appropriate process for
green hydrogen production, not only the quality and quantity of hydrogen are
determined, but also the carbon dioxide emissions are considered. When the optimal
operating conditions for both processes are determined, the energy analysis is

performed. The energy efficiency can be calculated using the following equation.



where

LHV,,

Mpiomass

I-H\/biomass

output
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mH2 X LHVH2 + Qoutput

n, = (3-16)
2 X |-H\/biomass +Q

Mpiomass input

represents the overall efficiency of the process, expressed as a
percentage (%).

represents the mass flow rate of hydrogen, measured in kilograms per
hour (kg/hr).

stands for the lower heating value of hydrogen, measured in kilojoules
per kilogram (kJ/kg).

represents the mass flow rate of biomass, measured in kilograms per
hour (kg/hr).

stands for the lower heating value of biomass, measured in kilojoules
per kilogram (kJ/kg).

represents the heat duty released from each unit operation, measured
in kilojoules per hour (kJ/hr).

represents the heat duty that is input into each unit operation,

measured in kilojoules per hour (kJ/hr).
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Table 3.8 Operating condition of each unit models in steam gasification of bagasse

integrated with CaO adsorption on hydrogen production.

Unit operation Unit model Initial Conditions | Operational range
Gasification

DECOMP Reactor (RYield) 700 °C and 1 bar -

700 - 1,200 °C
GASIF Reactor (RGibbs) 700 °C and 1 bar

1 - 15 bar
HEATER1 Exchanger (Heater) oy @ -
SEP-ASH Splitter (SSplit) - -
Water gas shift reactor
WGS Reactor (REquil) 150 °C and 1 bar 150 - 400 °C
HEATER2 Exchanger (Heater) {L0EA -
CaO adsorption

ADSORBER Reactor (RGibbs) 650 °C and 1 bar 650 - 850 °C
HEATER2 Exchanger (Heater) 650 °C -
DESORBER Reactor (RGibbs) 900 °C and 1 bar 400 - 1,400 °C
SEP-1 Separator (SEP) - -
SEP-2 Separator (SEP) - -
SEP-GAS Separator (SEP) - -
COOLER1 Exchanger (Heater) 25°C -
FLASH Separator (Flash2) 20 °C and 50 bar -
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>—{WATER >

ADSORBER
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Figure 3.8 Diagram of green hydrogen production from steam gasification of bagasse integrated with CaO adsorption.
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Figure 3.9 Diagram of green hydrogen production from supercritical water gasification of bagasse integrated with CaO adsorption.
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Table 3.9 Operating condition of each unit models in supercritical water gasification

of bagasse integrated with CaO adsorption on hydrogen production.

Unit operation Unit model Initial Conditions | Operational range
Gasification

700 °C and

DECOMP Reactor (RYield) -
221 bar

700 °C and 700 - 1,200 °C

GASIF Reactor (RGibbs)
221 bar 221 - 350 bar
HEATER1 Exchanger (Heater) 150 °C -
Pressure Changer
PUMP 221 bar -
(Pump)
SEP-ASH Splitter (SSplit) - -
Water gas shift reactor
WGS Reactor (REquil) 150 °C and 1 bar 150 - 400 °C
HEATER2 Exchanger (Heater) 150 °C -
CaO adsorption

ADSORBER Reactor (RGibbs) 650 °C and 1 bar 650 — 850 °C
HEATER2 Exchanger (Heater) 650 °C -
DESORBER Reactor (RGibbs) 900 °C and 1 bar 400 - 1,400 °C
SEP-1 Separator (SEP) - -
SEP-2 Separator (SEP) - -
SEP-GAS Separator (SEP) - -
COOLER1 Exchanger (Heater) 25 °C -




CHAPTER IV

STEAM BAGASSE GASIFICATION

This research focuses on the green hydrogen production via bagasse gasification
integrated with CaO adsorption process. Two types of gasifying agent, that include
steam and supercritical water, are used for hydrogen production. This chapter
presents the simulation results of steam bagasse gasification integrated with CaO
adsorption. Section 4.1 shows the comparison results of gas product between the
simulation results and experimental data of steam gasification of biomass. Section 4.2
discusses the impact of operating conditions in steam gasification on hydrogen
production and lower heating value. Section 4.3 presents the effects of operating
conditions in water gas shift process while Section 4.4 describes the effect of CaO
adsorption operating conditions on hydrogen production. Lastly, the optimal
operating conditions in all units and simulation results obtained from this study is

summarized in Section 4.5.

4.1 Comparison results between simulation and experiment

In order to verify the efficacy of the proposed Aspen Plus simulation process
model, the simulation results of gasification were validated by comparing with
experimental data. Rice husk was the feedstock utilized by Loha et al.?? in their steam
gasification experiment, as shown in Table 3.2, with their gasifier operating at a
temperature of 750 °C and a pressure of 1 bar, with a steam to biomass mass ratio of
1. The comparison results for steam gasification obtained from both the experiment
and simulation are presented in Table 4.1. It can be seen that under the same
feedstock and same operating condition with the experiment, the simulation results
show similar trends to the experimental data. The mean absolute error (MAE) is 5.14,

which does not exceed 10 and is an acceptable value. However, it can be observed
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that the methane composition obtained from the simulation is more deviated with
the experimental data. The experimental setup may have certain conditions or
factors that are difficult to replicate in the simulation, leading to differences in

methane production.

Table 4.1 The comparison of syngas production from steam gasification of rice husk

L.22

between experimental results by Loha et al.“* and simulation results in this study.

Syngas composition (%vol) Experiment Simulation
CcoO 23.7 18.96
CO, 22 24.32
CHq 5.60 0.053

H, 49.5 56.67
MAE 5.14

4.2 Operating conditions in steam gasification

In the first case, steam was employed as the gasifying agent to produce
hydrogen through bagasse gasification. This section presents the effects of operating
conditions in gasification including gasifier temperature, gasifier pressure and steam to

biomass mass ratio on hydrogen production.
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4.2.1 Effect of gasifier temperature on hydrogen production
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Figure 4.1 Effect of gasifier temperature on hydrogen production at gasifier pressure

of 1 bar and steam to biomass mass ratio of 0.1.

In the study, the effect of gasifier temperature on hydrogen production is
demonstrated in Figure 4.1, with the gasifier temperature ranging from 600 to 1200 °C
while the gasifier pressure and steam to biomass mass ratio are held constant at 1
bar and 0.1, respectively. The results indicate that increasing the gasifier temperature
leads to an increase in the mole fraction of carbon monoxide and hydrogen while
reducing the mole fraction of carbon dioxide and methane. This is because the high-
temperature operation promotes the endothermic reactions, such as Boudouard
reaction (Equation (3-6)), water-gas reaction (Equation (3-7)), and reforming reaction
(Equation (3-13)), being shifted forward and this results in higher carbon monoxide
and hydrogen and lower carbon dioxide and methane. From the simulation results, it
is found that the gasifier temperature of 950 °C is identified as the optimum, as it

maintains a constantly higsh mole fraction of hydrogen.
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4.2.2 Effect of gasifier pressure on hydrogen production
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Figure 4.2 Effect of gasifier pressure on hydrogen production at gasifier temperature

of 950 °C and steam to biomass mass ratio of 0.1.

The study presented in this section investigates the effect of gasifier pressure
on hydrogen production, as illustrated in Figure 4.2, where the gasifier pressure is
varied from 1 to 15 bar while maintaining a fixed gasifier temperature and steam to
biomass mass ratio at 950 °C and 0.1, respectively. The simulation results show that
as gasifier pressure increases, the mole fraction of carbon dioxide and methane also
increases, while the mole fraction of carbon monoxide and hydrogen decreases. This
can be explained by Le Chatelier's principle, which explains that increasing pressure
can shift the chemical equilibrium towards the side with fewer gaseous moles,
whereas decreasing pressure can shift the equilibrium towards the side with more
gaseous moles. After analyzing the chemical reactions involved in gasification,
specifically Equations (3-1), (3-8), (3-10), (3-11), (3-12), and (3-13), it was discovered
that the number of moles on the reactant side is greater than that on the product
side, indicating that the reaction will proceed forward. Based on the simulation
results, it is recommended to operate the gasifier at pressure of 1 bar to maintain

high mole fraction of hydrogen.
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4.2.3 Effect of steam to biomass mass ratio on hydrogen production
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Figure 4.3 Effect of steam to biomass mass ratio on (a) molar flow rate of gas
product and (b) mole fraction of gas product at gasifier temperature of 950 °C and

gasifier pressure of 1 bar.

In this study, the effect of steam to biomass mass ratio on hydrogen production

was analyzed and presented in Figure 4.3. This study focuses on a range of ratios
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between 0.1 to 2, with the gasifier operating at temperature of 950°C and pressure of
1 bar. Figure 4.3(a) shows the effect of steam to biomass mass ratio on molar flow
rate of gas product. The results reveal that adding more steam relative to biomass
can increase the production of hydrogen. This is because extra steam encourages the
reforming reaction (Equation (3-13)) and water gas shift reactions (Equation (3-9)) to
produce more hydrogen. As a result, the amount of carbon monoxide in the
reforming process decreases. It is also noticed that adding more steam makes the

resulting reformate gas, which contains carbon monoxide, less concentrated.

However, the result shown in Figure 4.3(b) is evident that as the steam to
biomass mass ratio rises, the mole fraction of carbon dioxide increases, while the
mole fraction of hydrogen, carbon monoxide, and methane decline due to the added
steam in the gasification process. This shift in equilibrium for water gas reaction
(Equation (3-7)), water gas shift reaction (Equation (3-9)), and reforming reaction
(Equation (3-13)) results in more products and fewer reactants. When the steam to
biomass mass ratio is greater than 0.1, the mole fraction of hydrogen decreases as
more steam is introduced during gasification, leading to greater dilution of the
reaction products. Consequently, this dilution causes a reduction in the mole fraction
of hydrogen and carbon monoxide. From these findings, it can be inferred that the
steam to biomass mass ratio between 0.1-0.2 is the appropriate range for hydrogen

production.

From the study on hydrogen production through steam bagasse gasification, it
is found that the gasification operated at gasifier temperature of 950 °C, gasifier
pressure of 1 bar and steam to biomass mass ratio of 0.1 can provide the gas product,
consisting of 50.82% H,, 47.84% CO, 0.36% CO, and 0.30% CHg. Thus, the purification

process is required to obtain green hydrogen.
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4.2.4 Effect of gasifier temperature and steam to biomass mass ratio on
lower heating value

If the target of bagasse gasification is to produce syngas, it becomes crucial to
take into account the lower heating value (LHV) as well. Figure 4.4 illustrates the
influence of gasifier temperature on the lower heating value, while Figure 4.5
demonstrates the impact of the steam to biomass mass ratio on the lower heating
value. Examining the lower heating value (LHV) of syngas described in Figure 4.4
reveals a direct correlation between the LHV and the operating temperature of the
gasifier. The LHV of syngas increases as the gasifier operates at higher temperatures.
This is attributed to the fact that LHV is derived from the mole fraction of carbon
monoxide and hydrogen in syngas. As a result, it follows a similar trend to the profiles
of carbon monoxide and hydrogen mole fractions. When the gasification reaction
approaches completion at a temperature of 950°C, the LHV stabilizes at
approximately 11.62 MJ/Nm®. Based on the simulation results, it can be concluded

that the optimal operating temperature for the gasifier is 950°C.

LHV (MJ/Nm?)
O

500 600 700 800 900 1000 1100 1200 1300
Temperature (°C)
Figure 4.4 Effect of gasifier temperature on lower heating value

at steam to biomass mass ratio of 0.1.

Furthermore, considering the LHV of syngas according to Figure 4.5, it becomes
evident that the maximum LHV of 11.62 MJ/Nm? is achieved at a steam to biomass

mass ratio of 0.1. However, as the steam to biomass ratio increases beyond this point,



43

the LHV of syngas decreases. This decline occurs due to the negative effects of
excess steam in the system, impacting both the dilution of hydrogen with steam and
the conversion of carbon monoxide to carbon dioxide. However, the main objective

of this study was to concentrate on the production of hydrogen.
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Figure 4.5 Effect of steam to biomass mass ratio on lower heating value

at gasifier temperature of 950 °C.

4.3 Operating conditions in water gas shift process
This section presents the effects of operating conditions in water gas shift

process including water gas shift reactor temperature and water to biomass mass

ratio on hydrogen production.
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4.3.1 Effect of water gas shift reactor temperature on hydrogen

production
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Figure 4.6 Effect of water gas shift reactor temperature on hydrogen production

at water to biomass mass ratio of 0.6.

In-the study, the effect of water gas shift reactor temperature on hydrogen
production is demonstrated in Figure 4.6, with the water gas shift reactor temperature
ranging from 150 to 400 °C while the water gas shift reactor pressure and water to
biomass mass ratio are held constant at 1 bar and 0.6, respectively. The results
indicate that increasing the water gas shift reactor temperature leads to an increase
in the mole fraction of carbon monoxide while reducing the mole fraction of
hydrogen and carbon dioxide and the mole fraction of methane is constant. This is
because the high-temperature operation shifts the exothermic reaction of water gas
shift reaction (Equation (3-9)) backward, resulting in higher carbon monoxide and
lower hydrogen and carbon dioxide and methane is constant. As a result, the water
gas shift reactor temperature of 150 °C is identified as the optimum due to its high

mole fraction of hydrogen.
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4.3.2 Effect of water to biomass mass ratio on hydrogen production
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Figure 4.7 Effect of water to biomass mass ratio on hydrogen production

at water gas shift reactor temperature of 150 °C.

In this study, the effect of water to biomass mass ratio on hydrogen production
was analyzed and presented in Figure 4.7. The study focused on a range of ratios
between 0.1 to 1.5, with the water gas shift reactor operating at temperature of 150°C
and pressure of 1 bar. Increasing the water to biomass mass ratio leads to an increase
in the mole fraction of hydrogen and carbon dioxide, while the mole fraction of
carbon monoxide and methane decreases due to the addition of water to the water
gas shift process. This causes a shift in the equilibrium of water gas shift reaction
(Equation (3-9)), resulting in increased products and decreased reactants. The water
gas shift reaction requires both carbon monoxide and water to proceed, and an
excessive amount of water can reduce the concentration of carbon monoxide
available for the reaction. This decrease in the mole fraction of carbon monoxide
leads to a decrease in the mole fraction of hydrogen and carbon dioxide. In
conclusion, it can be derived that a water to biomass mass ratio of 0.6 is the optimal

ratio for highest hydrogen production.
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Under the operation of water gas shift reactor at 150 °C, with water to biomass
mass ratio of 0.6, the produced gas is composed of 65.50% H,, 2.29% CO, 30.83% CO,
and 0.20% CHg. In order to provide the purified hydrogen, the carbon dioxide capture

process is required as discussed in the next section.

4.4 Operating conditions in CaO adsorption
This section presents the influences of operating conditions in CaO adsorption
including carbonator temperature, CaO to biomass mass ratio and regenerator

temperature on hydrogen production.

4.4.1 Effect of carbonator temperature on hydrogen production
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Figure 4.8 Effect of carbonator temperature on hydrogen production at a gasifier
temperature of 950 °C, steam to biomass mass ratio of 0.1, CaO to biomass mass

ratio of 1.9, and regenerator temperature of 900 °C.

In the study, the effect of carbonator temperature on hydrogen production is
demonstrated in Figure 4.8, with the carbonator temperature ranging from 650 to 850
°C while the gasifier temperature, steam to biomass mass ratio, CaO to biomass mass

ratio, and regenerator temperature are held constant at 950 °C, 0.1, 1.9 and 900,
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respectively. The results indicate that increasing the carbonator temperature leads
to an increase in the mole fraction of hydrogen and carbon monoxide while reducing
the mole fraction of carbon dioxide and methane. The decrease in the mole fraction
of carbon dioxide occurs due to the reaction between calcium oxide and carbon
dioxide in the carbonator, resulting in the formation of calcium carbonate. Therefore,
the mole fraction of carbon dioxide decreased, leading to an increase in the mole
fractions of hydrogen and carbon monoxide. A lower amount of methane may be
explained that the high-temperature operation may not only promotes carbonation
reaction but also shifts reforming reaction (Equation (3-13)) forward, resulting in higher
carbon monoxide and hydrogen and lower methane. From this study, the optimal
carbonator temperature is 750 °C and this temperature is extremely high. This is
because higher temperatures increase the rate of CO, adsorption onto the CaO
surface. This results in faster and more efficient capture of CO, from the syngas,

leading to higher CO, removal efficiency during the adsorption process.
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4.4.2 Effect of CaO to biomass mass ratio on hydrogen production
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Figure 4.9 Effect of CaO to biomass mass ratio on hydrogen production at a gasifier
temperature of 950 °C, steam to biomass mass ratio of 0.1, carbonator temperature

of 750 °C and regenerator temperature of 900 °C.

Inthis study, the effect of CaO to biomass mass ratio on hydrogen production
is analyzed and presented in Figure 4.9. This study focuses on a range of ratios
between 0.1 to 2.5, with the gasifier temperature of 950 °C, steam to biomass mass
ratio of 0.1, carbonator temperature of 750 °C and regenerator temperature of 900 °C.
Increasing the CaO to biomass mass ratio leads to a significant increase in the mole
fraction of hydrogen, while the mole fraction of carbon monoxide, carbon dioxide
and methane decreases. This can be explained by the capture of carbon dioxide by
Ca0, which influences the water gas shift reaction (Equation (3-9)). As a result, the
reduction in the mole fraction of carbon dioxide due to CaO adsorption stimulates a
rapid forward shift of carbon monoxide and water in the water gas shift reaction,
resulting in an increased mole fraction of hydrogen and a decreased mole fraction of
carbon monoxide. In conclusion, it can be derived that a CaO to biomass mass ratio

of 1.9 is the optimal ratio for hydrogen production.
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4.4.3 Effect of regenerator temperature on CO, removal
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Figure 4.10 Effect of regenerator temperature on the CO, mole flow rate released
from CaCO; at a gasifier temperature of 950 °C, steam to biomass mass ratio of 0.1,

Ca0 to biomass mass ratio of 1.9, and carbonator temperature 750 °C.

Based on the data presented in Figure 4.10, the effect of the regenerator
temperature within the range of 400 °C and 1400 °C on levels of carbon dioxide is
studied. This study focuses on molar flow rate of carbon dioxide exited from a
regenerator since the regenerator is responsible for releasing the adsorbed CO, from
the CaO sorbent, regenerating the sorbent material for reuse. The molar flow rate of
CO, exiting the regenerator indicates how effectively the adsorbed CO, is being
released from the sorbent. A high molar flow rate of CO, suggests efficient desorption
and regeneration, leading to better CO, capture efficiency. The simulation data shows
that carbon dioxide desorption from the regenerator initiates around 850 - 900 °C.
However, when the temperature exceeds 900 °C, the concentration of carbon dioxide
remains constant. Based on this study, it can be concluded that the optimal

regenerator temperature for the CaO adsorption process is 900 °C.

From the investigation on CaO adsorption, it is found that the carbonator and

generator should be operated at 750 °C and 900 °C, with CaO to biomass mass ratio
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of 1.9. Under these operating conditions, the gas product, composed of 96.53% H,,
0.86% CO, 0.01% CO, and 1.3% CH,4 can be provided. The integration of steam
bagasse gasification, water gas shift reactor, and CaO adsorption enables the

production of green hydrogen with a high purity level of 99.95%.

4.5 Summary of green hydrogen production through steam gasification
from bagasse integrated with CaO adsorption

From the simulation results of steam gasification integrated with CaO adsorption
reported in Sections 4.2-4.4, it can be concluded the optimal operating conditions of
gasification, water gas shift reactor and CaO adsorption as Tables 4.2. The gas
composition obtained from this process is summarized in Table 4.3 Table 4.4 shows
the data of each stream in a flowsheet, while Table 4.5 lists the heat duty of each
unit used in steam gasification integrated with CaO adsorption under the optimal
operating condition. When the energy analysis is determined, it is found that the

overall energy efficiency is 41.42%.

Table 4.2 Optimal operating conditions of gasification, water gas shift reactor and CaO

adsorption
Parameter Operating conditions
Gasification

Gasifier temperature (°C) 950

Gasifier pressure (bar) 1

Steam to biomass mass ratio 0.1

Water gas shift reactor
Water gas shift reactor temperature (°C) 150
Water to biomass mass ratio 0.6
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Table 4.2 Optimal operating conditions of gasification, water gas shift reactor and CaO

adsorption (Cont.)

Parameter

Operating conditions

CaO adsorption

Carbonator temperature (°C) 750
Ca0 to biomass mass ratio 1.9
Regenerator temperature (°C) 900

Table 4.3 The gas composition obtained from the steam gasification from bagasse

integrated with CaO adsorption

Gas composition

Mole Fraction

Mole Flow rate

(kmol/hr)
H, 0.9995 68.5658
H,O 0.0004 0.0332
H, purity (%) 99.95
Efficiency of CO, capture (%) 99.96

Table 4.4 Data of each stream in a flowsheet of green hydrogen production through

steam gasification from bagasse integrated with CaO adsorption

Stream Temperature (°C) Pressure (bar)
Gasification
BAGASSE 25 1
STEAM1 25 1
STEAM2 150 1
INGASIF 950 1
OUTGASIF 950 1
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Table 4.4 Data of each stream in a flowsheet of green hydrogen production through

steam gasification from bagasse integrated with CaO adsorption (Cont.)

Stream Temperature (°C) Pressure (bar)
Gasification
ASH 950 1
INWGS 950 1
Water gas shift reactor
INWGS 950 1
WATER 25 1
STEAM3 150 1
LIQ 150 1
INADSORB 150 1
CaO adsorption
INADSORB 150 1
CAO 25 1
CAO-2 700 1
OUTADSORB 750 1
CACO3 750 1
OUTDESORB 900 1
Co2 900 1
RE-CAO 900 1
LEAN-CO2 750 1
GAS 750 1
H2 750 1
H2++ 25 1
CONDENSA 20 50
HYDROGEN 20 50
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Table 4.5 Heat duty of each unit used in steam gasification integrated with CaO

adsorption under the optimal operating condition

Stream Heat duty (kW)
Gasification
DECOMP 2066.38
HEATER1 76.99
GASIF -382.24
SEP-ASH 0.00
Water gas shift reactor
WGS -870.29
HEATER2 461.941
CaO adsorption

ADSORBER -1025.44
HEATER3 326.09
SEP-1 0.00
DESORBER 1784.34
DESORBER 1784.34
SEP-2 0.00
SEP-GAS 0.00
COOLER1 -413.23
FLASH -13.00




CHAPTER V

SUPERCRITICAL WATER BAGASSE GASIFICATION

This chapter focuses on the supercritical water gasification of bagasse integrated
with CaO adsorption to produce the green hydrogen. Section 5.1 presents the
comparison of results of gas product between the simulation results and
experimental data extracted from the literature of supercritical water gasification of
biomass. Section 5.2 presents the impact of operating conditions in supercritical water
gasification on hydrogen production and lower heating value. Section 5.3 presents
the effects of operating conditions in water gas shift process while Section 5.4
describes the effect of CaO adsorption operating conditions on hydrogen production.

Finally, the summary of this study is described in Section 5.5.

5.1 Comparison results between simulation and experiment

In this section, the experiment of Wang et al.” is used to compare with the
simulation result. Wang et al.> performed supercritical water gasification on wheat
straw in which the ultimate and proximate analysis data provided in Table 3.3. In their
experiment, the gasifier operated at a pressure of 230 bar and temperature of 750 °C,
using a supercritical water to biomass mass ratio of 1. Table 5.1 presents the
comparison results for supercritical water gasification obtained from both experiment
and simulation. It can be seen that under the same feedstock and same operating
condition with the experiment, the simulation results show similar trends to the
experimental data. The mean absolute error (MAE) is 0.025, which does not exceed

10 and is an acceptable value.
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Table 5.1 The comparison of syngas production from wheat straw between

experimental results by Wang et al.” and simulation results in this study.

Syngas composition
Experiment Simulation
(Mole Fraction)
CcO 0.07 0.07
CO, 0.40 0.35
CHq 0.31 0.33
H, 0.23 0.26
MAE 0.025

5.2 Operating conditions in supercritical water gasification

This section presents the effects of operating conditions in gasification including

gasifier temperature, gasifier temperature and supercritical water to biomass mass

ratio on hydrogen production.

5.2.1 Effect of gasifier temperature on hydrogen production
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Figure 5.1 Effect of gasifier temperature on hydrogen production at gasifier pressure

of 221 bar and supercritical water to biomass mass ratio of 0.4.
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In the study, the effect of gasifier temperature on hydrogen production is
demonstrated in Figure 5.1, with the gasifier temperature ranging from 600 to 1200 °C
while the gasifier pressure and supercritical water to biomass mass ratio are held
constant at 221 bar and 0.4, respectively. The results indicate that increasing the
gasifier temperature leads to an increase in the mole fraction of carbon monoxide
and hydrogen while reducing the mole fraction of carbon dioxide and methane. This
is because the high-temperature operation promotes the endothermic reactions that
include Boudouard reaction (Equation (3-6)), water-gas reaction (Equation (3-7)), and
reforming reaction (Equation (3-13)) to the product side. This causes higher carbon
monoxide and hydrogen and lower carbon dioxide and methane. As a result, the

optimum gasifier temperature is 1200 °C due to its high mole fraction of hydrogen.

5.2.2 Effect of gasifier pressure on hydrogen production
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Figure 5.2 Effect of gasifier pressure on hydrogen production at gasifier temperature

of 1200 °C and supercritical water to biomass mass ratio of 0.4.

This study presents the effect of gasifier pressure on hydrogen production, as

illustrated in Figure 5.2, where the gasifier pressure is varied from 221 to 350 bar while
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maintaining a fixed gasifier temperature and supercritical water to biomass mass ratio
at 1200 °C and 0.4, respectively. The simulation results show that as gasifier pressure
increases, the mole fraction of carbon dioxide and methane also increases, while the
mole fraction of carbon monoxide and hydrogen decreases. This can be explained by
Le Chatelier's principle, which explains that increasing pressure can shift the chemical
equilibrium towards the side with fewer gaseous moles, whereas decreasing pressure
can shift the equilibrium towards the side with more gaseous moles. After analyzing
the chemical reactions involved in gasification, specifically Equations (3-1), (3-8), (3-
10), (3-11), (3-12), and (3-13), it was discovered that the number of moles on the
reactant side is greater than that on the product side, indicating that the reaction will
proceed forward. Based on the simulation results, it is recommended to maintain the

gasifier pressure of 221 bar to maintain a high mole fraction of hydrogen.
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5.2.3 Effect of supercritical water to biomass mass ratio on hydrogen

production
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Figure 5.3 Effect of supercritical water to biomass mass ratio on (a) molar flow rate
of gas product and (b) mole fraction of gas product at gasifier temperature of 1200

°C, gasifier pressure of 221 bar
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In this study, the effect of supercritical water to biomass mass ratio on hydrogen
production is examined, as illustrated in Figure 5.3. The supercritical water to biomass
mass ratio is varied in a range of 0.1 to 2.0, with the gasifier operating at temperature
of 1200°C and pressure of 221 bar. Figure 5.3(a) shows the effect of steam to biomass
mass ratio on molar flow rate of gas product. The results reveal that when there is
more steam relative to biomass, the production of hydrogen increases. The rationale

remains consistent in Section 4.2.3.

Figure 5.3(b) demonstrates that increasing the supercritical water to biomass
mass ratio, within the range of 0.1 to 0.4, results in higher mole fractions of hydrogen
and carbon dioxide, while the mole fractions of carbon monoxide and methane
decrease. The addition of supercritical water to the gasification process causes a shift
in the equilibrium of water gas reaction (Equation (3-7)), water gas shift reaction
(Equation (3-9)), and reforming reaction (Equation (3-13)), leading to increased product
formation and reduced reactants. However, when the supercritical water to biomass
mass ratio exceeds 0.4, the simulation indicates a decline in the mole fraction of
hydrogen. This is because an increased amount of supercritical water in the
gasification process causes higher dilution of the reaction products, leading to a
decrease in the mole fraction of hydrogen and carbon monoxide. Therefore, it can be
inferred that a supercritical water to biomass mass ratio of 0.4 represents the

appropriate range for hydrogen production.

From the study on hydrogen production through supercritical water bagasse
gasification, it is found that the gasification operated at gasifier temperature of 1200
°C, gasifier pressure of 221 bar and supercritical water to biomass mass ratio of 0.4,
can provide the gas product, consisting of 39.75% H,, 33.95% CO, 5.71% CO, and

4.04%CH,. Thus, the purification process is required to obtain green hydrogen.
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5.2.4 Effect of gasifier temperature and supercritical water to biomass
mass ratio on lower heating value
If the target of bagasse gasification is to produce syngas, it becomes crucial to
take into account the lower heating value (LHV) as well. Figure 5.4 illustrates the
influence of gasifier temperature on the lower heating value, while Figure 5.5
demonstrates the impact of the supercritical water to biomass mass ratio to biomass
mass ratio on the lower heating value. From Figure 5.4, it is found that The LHV of
syngas increases as the gasifier operates at higher temperatures. This is attributed to
the fact that LHV is derived from the mole fraction of carbon monoxide and hydrogen
in syngas. As a result, it follows a similar trend to the profiles of carbon monoxide
and hydrogen mole fractions. When the gasification reaction approaches a
temperature of 1000°C, the LHV maximizes at approximately 10.73 MJ/Nm?. Based on
the simulation results, it can be concluded that the optimal operating temperature
for the gasifier is 1000°C.
12
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Figure 5.4 Effect of gasifier temperature on lower heating value at supercritical water

to biomass mass ratio of 0.4.

Furthermore, considering the LHV of syngas according to Figure 5.5, it becomes
evident that the maximum LHV of 11.83 MJ/Nm? is achieved at a supercritical to

biomass mass ratio of 0.1. However, as the supercritical water to biomass ratio
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increases beyond this point, the LHV of syngas decreases. This decline occurs due to
the negative effects of excess supercritical water in the system, impacting both the
dilution of hydrogen with supercritical water and the conversion of carbon monoxide

to carbon dioxide. However, the main objective of this study was to concentrate on

the production of hydrogen.

14
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Supercritical water to biomass mass ratio

Figure 5.5 Effect of supercritical water to biomass mass ratio on lower heating value

at gasifier temperature of 1200 °C.

5.3 Operating conditions in water gas shift process
This section presents the effects of operating conditions in water gas shift

process including water gas shift reactor temperature and water to biomass mass

ratio on hydrogen production.
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5.3.1 Effect of water gas shift reactor temperature on hydrogen

production
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Figure 5.6 Effect of water gas shift reactor temperature on hydrogen production

at water to biomass mass ratio of 0.2.

In the study, the effect of water gas shift reactor temperature, varying between
150 and 400 °C, on hydrogen production is demonstrated in Figure 5.6 while the
water gas shift reactor pressure and water to biomass mass ratio are held constant at
1 bar and 0.2, respectively. The results indicate that increasing the water gas shift
reactor temperature causes an increase in the mole fraction of carbon monoxide
while reducing the mole fraction of hydrogen and carbon dioxide and the mole
fraction of methane is constant. This is because the high-temperature operation
promotes the water gas shift reaction (Equation (3-9)) as exothermic reaction being
shifted backward, resulting in higher carbon monoxide and lower hydrogen and
carbon dioxide and methane is constant. As a result, the temperature of water gas
shift reactor at 150 °C is identified as the optimum due to its high mole fraction of

hydrogen.



63

5.3.2 Effect of water to biomass mass ratio on hydrogen production
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Figure 5.7 Effect of water to biomass mass ratio on hydrogen production

at water gas shift reactor temperature of 150 °C.

Figure 5.7 presents the effect of water to biomass mass ratio on hydrogen
production. The study focuses on a range of water to biomass mass ratio between
0.2 to 1.5, with the water gas shift reactor operating at temperature of 150°C and
pressure of 1 bar. Increasing the water to biomass mass ratio leads to an increase in
the mole fraction of hydrogen and carbon dioxide, while the mole fraction of carbon
monoxide and methane decreases. The water gas shift reaction (Equation (3-9))
requires both carbon monoxide and water to proceed, and an excessive amount of
water can reduce the concentration of carbon monoxide available for the reaction.
This decrease in the mole fraction of carbon monoxide leads to a decrease in the
mole fraction of hydrogen and carbon dioxide. In conclusion, it can be derived that a
water to biomass mass ratio of 0.2 is the optimal ratio for highest hydrogen

production.

Under the operation of water gas shift reactor at 150 °C, with water to biomass

mass ratio of 0.2, the produced gas is composed of 60.75% H,, 4.45% CO, 30.63% CO,
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and 3.57% CHg. In order to provide the purified hydrogen, the carbon dioxide capture

process is required as discussed in the next section.

5.4 Operating conditions in CaO adsorption
This section presents the effects of operating conditions in CaO adsorption
including carbonator temperature, calcium oxide to biomass mass ratio and

regenerator temperature on hydrogen production.

5.4.1 Effect of carbonator temperature on hydrogen production
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Figure 5.8 Effect of carbonator temperature on the mole fraction of gas product
composition exited from a carbonator at a gasifier temperature of 1200°C,
supercritical water to biomass mass ratio of 0.4, CaO to biomass mass ratio of 1.78,

and regenerator temperature 900 °C.

The effect of carbonator temperature, which is adjusted in a range of 650 to
850 °C, on hydrogen production is demonstrated in Figure 5.8 while the gasifier
temperature, supercritical water to biomass mass ratio, CaO to biomass mass ratio,
and regenerator temperature are held constant at 1200 °C, 0.4, 1.78 and 900 °C,

respectively. The results indicate that increasing the carbonator temperature results
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in an increase in the mole fraction of hydrogen and carbon monoxide while reducing
the mole fraction of carbon dioxide and methane. This is because the high-
temperature operation promotes the endothermic reactions being shifted forward
such as reforming reaction (Equation (3-13)) resulting in higher carbon monoxide and
hydrogen and lower methane. The decrease in the mole fraction of carbon dioxide
occurs due to the reaction between calcium oxide and carbon dioxide in the
carbonator, resulting in the formation of calcium carbonate. Therefore, the mole
fraction of carbon dioxide can be decreased, leading to an increase in the mole
fractions of hydrogen and carbon monoxide. From this study, the optimal carbonator
temperature is 800 °C. The rationale behind utilizing high temperatures remains

consistent with the explanation provided in Section 4.4.1.

5.4.2 Effect of CaO to biomass mass ratio on hydrogen production
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Figure 5.9 Effect of calcium oxide to biomass mass ratio on hydrogen production at a
gasifier temperature of 1200 °C, supercritical water to biomass mass ratio of 0.4,

carbonator temperature of 800 °C and regenerator temperature 900 °C.
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This section presents the effect of CaO to biomass mass ratio on hydrogen,
shown in Figure 5.9. The CaO to biomass mass ratio is changed between 0.1 to 2.5
while the gasifier temperature of 1200 °C, supercritical water to biomass mass ratio of
0.4, carbonator temperature of 800 °C and regenerator temperature of 900 °C are
specified. Increasing the CaO to biomass mass ratio leads to a significant increase in
the mole fraction of hydrogen, while the mole fraction of carbon monoxide, carbon
dioxide and methane decreases. This can be explained by the capture of carbon
dioxide by CaO, which influences the water gas shift reaction (Equation (3-9)). As a
result, the reduction in the mole fraction of carbon dioxide due to CaO adsorption
stimulates a rapid forward shift of carbon monoxide and water in the water gas shift
reaction, resulting in an increased mole fraction of hydrogen and a decreased mole
fraction of carbon monoxide. In conclusion, it can be derived that a calcium oxide to

biomass mass ratio of 1.78 is the optimal ratio for hydrogen production.

5.4.3 Effect of regenerator temperature on CO, removal

35

30

(kmol/h)
s & 8

i

CO, mole flow rate at regenerator exit

300 500 700 900 1100 1300 1500
Regenerator temperature (°C)

Figure 5.10 Effect of regenerator temperature on the CO2 mole flow rate released
from CaCO3 at a gasifier temperature of 1200 °C, supercritical water to biomass mass

ratio of 0.4, CaO to biomass mass ratio of 1.78, and carbonator temperature 800 °C.
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Figure 5.10 illustrates the effect of the regenerator temperature within the range
of 400 °C and 1400 °C on levels of carbon dioxide, while maintaining the gasifier
temperature of 1200 °C, supercritical water to biomass mass ratio of 0.4, calcium oxide
to biomass mass ratio of 1.78, and carbonator temperature 800 °C. The simulation
results show that carbon dioxide desorption from the regenerator initiates around 850
- 900 °C. However, when the temperature exceeds 900 °C, the concentration of carbon
dioxide remains constant. Based on this study, it can be concluded that the optimal

regenerator temperature for the calcium oxide adsorption process is 900 °C.

From the investication on CaO adsorption, it is found that the carbonator and
generator should be operated at 800 °C and 900 °C, with CaO to biomass mass ratio
of 1.78. Under these operating conditions, the gas product, composed of 90.97% H,,
0.28% CO, 0.00% CO, and 8.6% CH,4 can be provided. The integration of supercritical
water bagasse gasification, water gas shift reactor, and CaO adsorption enables the

production of ereen hydrogen with a high purity level of 99.98%.

5.5 Summary of green hydrogen production through supercritical

water gasification from bagasse integrated with CaO adsorption

From the simulation results of supercritical water gasification integrated with
CaO adsorption reported in Sections 5.2-4.4, it can be concluded the optimal
operating conditions of gasification, water gas shift reactor and CaO adsorption as
Tables 5.2. The gas composition obtained from this process is summarized in Table
5.3 Table 5.4 shows the data of each stream in a flowsheet, while Table 5.5 lists the
heat duty of each unit used in steam gasification integrated with CaO adsorption
under the optimal operating condition. When the energy analysis is determined, it is

found that the overall energy efficiency is 26.01%.
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Table 5.2 Optimal operating conditions of gasification, water gas shift reactor and CaO

adsorption
Parameter Operating conditions
Gasification

Gasifier temperature (°C) 1200

Gasifier pressure (bar) 221

Supercritical water to biomass mass ratio 0.4
Water gas shift

Water gas shift reactor temperature (°C) 150

Water to biomass mass ratio 0.2
CaO adsorption

Carbonator temperature (°C) 800

Ca0 to biomass mass ratio 1.78

Regenerator temperature (°C) 900

Table 5.3 The gas composition obtained from the supercritical water gasification from

bagasse integrated with CaO adsorption

Gas composition

Mole Flow rate
Mole Fraction

(kmolhr)
H, 0.9998 55.2620
H,O 0.0002 0.0087
H, purity (%) 99.98
Efficiency of CO, capture (%) 99.99
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Table 5.4 Data of each stream in a flowsheet of green hydrogen production through

supercritical water gasification from bagasse integrated with CaO adsorption

Stream Temperature (°C) Pressure (bar)
Gasification
BAGASSE 25 1
STEAM1 25 1
STEAM2 39 221
SCW 375 221
INGASIF 1200 221
OUTGASIF 1200 221
ASH 1200 221
INWGS 1200 221
Water gas shift reactor
INWGS 1200 221
WATER 25 1
STEAM3 150 1
LIQ 150 1
INADSORB 150 1
CaO adsorption
INADSORB 150 1
CAO 25 1
CAO-2 800 1
OUTADSOR 800 1
CACO3 800 1
OUTDESOR 900 1
Co2 900 1
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Table 5.4 Data of each stream in a flowsheet of green hydrogen production through

supercritical water gasification from bagasse integrated with CaO adsorption (Cont.)

Stream Temperature (°C) Pressure (bar)
CaO adsorption (Cont.)
RE-CAO 900 1
LEAN-CO2 800 1
GAS 800 1
H2 800 1
HYDROGEN 25 1

Table 5.5 Heat duty of each unit used in steam gasification integrated with CaO

adsorption under the optimal operating condition

Stream Heat duty (kW)
Gasification
DECOMP 2288.5
PUMP 9.74
HEATER1 264.56
GASIF -371.756
SEP-ASH 0.00
Water gas shift reactor
WGS -1167.28
HEATER2 153.98
CaO adsorption

ADSORBER -1012.89
HEATER3 352.76
SEP-1 0.00
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Table 5.5 Heat duty of each unit used in steam gasification integrated with CaO

adsorption under the optimal operating condition (Cont.)

Stream Heat duty (kW)
CaO adsorption (Cont.)
DESORBER 1617.11
SEP-2 0.00
SEP-GAS 0.00
COOLER1 -351.48




CHAPTER VI

CONCLUSION

6.1 Conclusions

In this research, green hydrogen production from bagasse gasification integrated
with CaO adsorption was designed and simulated through the Aspen Plus version 12
simulation software program. Thermodynamic calculations were performed using the
Peng-Robinson equation of state with Boston-Mathias modifications. The equilibrium
gas compositions during biomass gasification were obtained using the minimum Gibbs
free energy method. Steam and supercritical water were employed as gasifying agents
in the biomass gasification process. The proposed model was employed to identify
the optimal operating conditions for green hydrogen production through bagasse

gasification integrated with CaO adsorption.

Firstly, the key parameters for steam bagasse gasification included gasifier
temperature, gasifier pressure, and steam to biomass mass ratio were determined. In
general, raising the temperature of the gasifier leads to an increase in hydrogen
generation. The pressure in the gasifier primarily impacts the thermodynamics of the
gasification process, with higher pressures not being favorable for hydrogen
production. The steam to biomass ratio plays a crucial role in gasification. Increasing
the steam to biomass ratio generally enhances hydrogen production. A higher steam
helps to control the gasification reactions, particularly the water-gas shift reaction,
which increases the production of hydrogen. However, it is important to note that
there is an optimal range for the steam to biomass ratio, and exceeding this range
can lead to excessive dilution and reduced hydrogen production. From the simulation
results, it was found that the steam gasification of bagasse should be conducted at
temperature of 950 °C, pressure of 1 bar, and steam to biomass mass ratio of 0.1 to

achieve maximum hydrogen production with a purity of 50.82%. However, since this
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process also contains high amounts of carbon monoxide, the installation of a water
gas shift process is necessary to effectively remove carbon monoxide. Then, the
effect of operating conditions in water gas shift reactor were examined. The
simulation results indicated that maximum hydrogen production with a purity of
65.50% can be achieved when the water gas shift reactor operated at temperature of
150 °C and water to biomass mass ratio of 0.6. Finally, to achieve green hydrogen
production, CaO adsorption was employed for CO, capture. The simulation indicated
that CaO adsorption should be conducted at carbonator temperature of 750 °C, CaO
to biomass mass ratio of 1.9, and regenerator temperature of 900 °C. The integration
of bagasse steam gasification with CaO adsorption resulted in the production of green
hydrogen with a purity of 99.95% and molar flow rate of 68.57 kmol/hr. Under the

optimal operating conditions of all units, the energy efficiency is 41.42%.

Similar to steam bagasse gasification, it was found that the supercritical water
gasification of bagasse should be carried out at temperature of 1200 °C, pressure of
221 bar, and supercritical water to biomass mass ratio of 0.4. Under these operating
conditions, hydrogen production with a purity of 39.75% can be provided. Considering
the installation of a water gas shift process, the simulation results showed that water
gas shift reactor operating at 150 °C with water to biomass mass ratio of 0.2 can
obtain the maximum hydrogen production with a purity of 60.75%. It can be observed
that the gas product obtained from supercritical water gasification contains high
amount of water and thus, this process requires lower amount of water to carry out
the water gas shift reaction compared to steam gasification. When the CaO adsorption
was subsequently used for CO, capture, the simulation revealed that the CaO
adsorption should be operated at carbonator temperature of 800 °C, CaO to biomass
mass ratio of 1.78, and regenerator temperature of 900 °C. The integration of bagasse

supercritical water gasification with CaO adsorption led to the production of green
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hydrogen with a purity level of 99.98% and molar flow rate of 55.26 kmol/hr. Under

the optimal operating conditions of all units, the energy efficiency is 26.01%.

Considering the quality and quantity of hydrogen and energy efficiency obtained
from both processes, it can be concluded that green hydrogen production through
steam bagasse gasification integrated with CaO adsorption demonstrates higher
overall efficiency and achieves a slightly different purity compared to green hydrogen
production through supercritical water bagasse gasification integrated with CaO
adsorption. As a result, steam bagasse gasification integrated with CaO adsorption

proves to be a suitable method for green hydrogen production.

6.2 Recommendations
1) Economics analysis should be considered to study the feasibility of the green

hydrogen production.

2) Life cycle analysis (LCA) of green hydrogen production process should be

considered to study the overall environmental impact of green hydrogen production.
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Table A.1 The simulation results of gasifier temperature in bagasse gasification at

gasifier pressure of 1 bar and steam to biomass mass ratio of 0.1

Mole Fraction
Temperature (°C)
co CO, CH,4 H.
600 0.1255 0.1854 0.0689 0.3999
650 0.2096 0.1452 0.0445 0.4487
700 0.3027 0.0974 0.0275 0.4769
750 0.3810 0.0558 0.0167 0.4908
800 0.4316 0.0286 0.0104 0.4981
850 0.4587 0.0141 0.0067 0.5027
900 0.4720 0.0070 0.0044 0.5060
950 0.4784 0.0036 0.0030 0.5082
1000 0.4816 0.0020 0.0021 0.5098
1050 0.4833 0.0011 0.0015 0.5108
1100 0.4841 0.0007 0.0011 0.5116
1150 0.4846 0.0004 0.0008 0.5121
1200 0.4849 0.0003 0.0006 0.5124
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Table A.2 The simulation results of gasifier pressure in steam gasification of bagasse at

gasifier temperature of 950 °C and steam to biomass mass ratio of 0.1

Mole Fraction
Pressure (bar)
Cco Co, CH,4 H
1 0.4784 0.0036 0.0030 0.5082
2 0.4719 0.0071 0.0058 0.5032
3 0.4657 0.0103 0.0086 0.4983
al 0.4598 0.0134 0.0112 0.4936
5 0.4542 0.0163 0.0137 0.4891
6 0.4488 0.0192 0.0162 0.4847
7 0.4437 0.0219 0.0186 0.4805
8 0.4387 0.0244 0.0209 0.4764
9 0.4340 0.0269 0.0231 0.4724
10 0.4295 0.0293 0.0252 0.4686
11 0.4251 0.0316 0.0273 0.4648
12 0.4209 0.0338 0.0293 0.4612
13 0.4169 0.0359 0.0313 0.4577
14 0.4130 0.0379 0.0332 0.4543
15 0.4092 0.0399 0.0351 0.4509
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Table A.3 The simulation results in mole flow of steam to biomass mass ratio in steam

gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1 bar

Mole Flow (kmol/hr)
S/B
co Cco, CHq H

0.1 34.97204 0.264994 0.216912 37.15154
0.2 35.48023 1.633962 0.035753 40.75998
0.3 33.64861 3.486888 0.014447 42.67682
0.4 32.00408 5.137408 0.008453 44.34533
0.5 30.52716 6.617115 0.005672 45.83338
0.6 29.19281 7.953039 0.004092 47.17404
0.7 27.98016 9.166693 0.00309 48.3907
0.8 26.87223 10.27531 0.002408 49.50136
0.9 25.85517 11.29286 0.001921 50.52037
1.0 2491756 12.23083 0.001561 51.45942
1.1 24.04991 13.09875 0.001287 52.32816
1.2 23.24426 13.90461 0.001075 53.13467
1.3 22.49384 14.6552 0.000907 53.88575
1.4 21.7929 15.35628 0.000772 54.58724
1.5 21.13646 16.01282 0.000662 55.24412
1.6 20.52024 16.62913 0.000572 55.86069
1.7 19.9405 17.20895 0.000498 56.44073
1.8 19.39397 17.75554 0.000435 56.98751
1.9 18.87777 18.27179 0.000383 57.50392
2.0 18.38935 18.76026 0.000338 57.99252
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Table A.4 The simulation results in mole fraction of steam to biomass mass ratio in

steam gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1

bar

Mole Fraction

S/B
Cco CO, CH,y H,

0.1 0.4784 0.0036 0.0030 0.5082
0.2 0.4396 0.0202 0.0004 0.5050
0.3 0.3899 0.0404 0.0002 0.4945
0.4 0.3484 0.0559 0.0001 0.4827
0.5 0.3134 0.0679 0.0001 0.4705
0.6 0.2835 0.0772 0.0000 0.4581
0.7 0.2578 0.0845 0.0000 0.4459
0.8 0.2356 0.0901 0.0000 0.4339
0.9 0.2161 0.0944 0.0000 0.4223
1.0 0.1991 0.0977 0.0000 0.4111
1.1 0.1840 0.1002 0.0000 0.4003
1.2 0.1706 0.1020 0.0000 0.3899
13 0.1586 0.1033 0.0000 0.3799
1.4 0.1479 0.1042 0.0000 0.3704
15 0.1382 0.1047 0.0000 0.3612
1.6 0.1295 0.1049 0.0000 0.3525
1.7 0.1216 0.1049 0.0000 0.3441
1.8 0.1144 0.1047 0.0000 0.3360
1.9 0.1078 0.1043 0.0000 0.3283
2.0 0.1018 0.1038 0.0000 0.3209
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Table A.5 The simulation results in mole flow of water gas shift reactor temperature

in steam gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1

bar, steam to biomass mass ratio of 0.1 and water to biomass mass ratio of 0.6

Mole Flow (kmol/hr)
Temperature (°C)
Cco Cco, CH,4 H,
150 2.435247 32.80179 0.216912 69.68833
200 3.701889 31.53515 0.216912 68.42169
250 5.359338 298777 0.216912 66.76424
300 7.287183 27.94985 0.216912 64.83639
350 9.355309 25.88173 0.216912 62.76827
400 11.44766 23.78938 0.216912 60.67592

Table A.6 The simulation results in mole fraction of water gas shift reactor temperature

in steam gasification of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1

bar, steam to biomass mass ratio of 0.1 and water to biomass mass ratio of 0.6

Temperature (°C)

Mole Fraction

@) Co, CH, H,
150 0.0229 0.3083 0.0020 0.6550
200 0.0348 0.2964 0.0020 0.6430
250 0.0504 0.2808 0.0020 0.6275
300 0.0685 0.2627 0.0020 0.6093
350 0.0879 0.2432 0.0020 0.5899
400 0.1076 0.2236 0.0020 0.5702
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Table A.7 The simulation results of water to biomass mass ratio in steam gasification

of bagasse at gasifier temperature of 950 °C, gasifier pressure of 1 bar, steam to biomass

mass ratio of 0.1 and water gas shift reactor temperature of 150 °C

Water/biomass

Mole Fraction

Cco CO, CH,y H,
0.1 0.3691 0.0790 0.0028 0.5481
0.2 0.2791 0.1395 0.0026 0.5776
0.3 0.2003 0.1923 0.0024 0.6034
0.4 0.1312 0.2386 0.0023 0.6257
0.5 0.0707 0.2787 0.0022 0.6445
0.6 0.0229 0.3083 0.0020 0.6550
0.7 0.0056 0.3092 0.0019 0.6387
0.8 0.0026 0.2973 0.0018 0.6112
0.9 0.0016 0.2847 0.0018 0.5845
1.0 0.0012 0.2729 0.0017 0.5597
1.1 0.0009 0.2618 0.0016 0.5368
1.2 0.0007 0.2515 0.0016 0.5156
& 0.0006 0.2420 0.0015 0.4960
1.4 0.0005 0.2332 0.0014 0.4778
15 0.0004 0.2250 0.0014 0.4609
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Table A.8 The simulation results of carbonator temperature in steam gasification of
bagasse integrated with CaO adsorption at gasifier temperature of 950 °C, gasifier
pressure of 1 bar, steam to biomass mass ratio of 0.1, calcium oxide to biomass mass

ratio of 1.9 and regenerator temperature of 900 °C

Mole Fraction
Temperature (°C)
co co, CH, H,
650 0.1057 0.0643 0.0465 0.6048
700 0.1348 0.0521 0.0185 0.6419
750 0.1508 0.0436 0.0060 0.6553
800 0.1589 0.0380 0.0018 0.6570
850 0.1639 0.0338 0.0006 0.6549

Table A.9 The simulation results of calcium oxide to biomass mass ratio in steam
gasification of bagasse integrated with CaO adsorption at gasifier temperature of 950
°C, qasifier pressure of 1 bar, steam to biomass mass ratio of 0.1, carbonator

temperature of 750 °C and regenerator temperature of 900 °C

Mole fraction
CaO/Biomass
CcoO CO, CH,4 H,
0.1 0.2077 0.1120 0.0024 0.4810
0.2 0.2036 0.1043 0.0026 0.4966
0.3 0.1990 0.0965 0.0029 0.5129
0.4 0.1940 0.0887 0.0032 0.5301
0.5 0.1885 0.0810 0.0035 0.5482
0.6 0.1824 0.0733 0.0039 0.5673
0.7 0.1756 0.0657 0.0043 0.5875
0.8 0.1681 0.0582 0.0048 0.6088
0.9 0.1599 0.0508 0.0054 0.6314
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Table A.9 The simulation results of calcium oxide to biomass mass ratio in steam
gasification of bagasse integrated with CaO adsorption at gasifier temperature of 950
°C, gasifier pressure of 1 bar, steam to biomass mass ratio of 0.1, carbonator

temperature of 750 °C and regenerator temperature of 900°C (Cont.)

Mole fraction
CaO/Biomass
CcO CO, CH,4 H.
1.0 0.1508 0.0436 0.0060 0.6553
1.1 0.1407 0.0367 0.0067 0.6808
1.2 0.1295 0.0301 0.0075 0.7079
1.3 0.1170 0.0238 0.0084 0.7368
1.4 0.1032 0.0179 0.0094 0.7677
1.5 0.0879 0.0127 0.0105 0.8009
1.6 0.0708 0.0080 0.0116 0.8367
1.7 0.0518 0.0043 0.0128 0.8754
1.8 0.0308 0.0016 0.0137 0.9178
1.9 0.0086 0.0001 0.0134 0.9653
2.0 0.0086 0.0001 0.0134 0.9653
Al 0.0086 0.0001 0.0134 0.9653
2.2 0.0086 0.0001 0.0134 0.9653
2.3 0.0086 0.0001 0.0134 0.9653
2.4 0.0086 0.0001 0.0134 0.9653
2.5 0.0086 0.0001 0.0134 0.9653
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Table A.10 Effect of regenerator temperature on the CO, mole flow rate released from
CaCOs; at a gasifier temperature of 950 °C, gasifier pressure of 1 bar, steam to biomass
mass ratio of 0.1, calcium oxide to biomass mass ratio of 1.90, and carbonator

temperature 750 °C

Temperature (°C) Mole Flow of CO, (kmol/hr)
400 0.0000
450 0.0000
500 0.0000
550 0.0000
600 0.0000
650 0.0000
700 0.0000
750 0.0000
800 0.0000
850 0.0000
900 33.8817
950 33.8817
1000 33.8817
1050 33.8817
1100 33.8817
1150 33.8817
1200 33.8817
1250 33.8817
1300 33.8817
1350 33.8817
1400 33.8817
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Table B.1 The simulation results of gasifier temperature in supercritical water
gasification of bagasse at gasifier pressure of 221 bar and supercritical water to biomass

mass ratio of 0.4

Temperature (°C) Mole Fraction
Cco Cco, CH,4 H,
375 0.0001 0.1499 0.1671 0.0044
400 0.0002 0.1634 0.1797 0.0063
425 0.0003 0.1747 0.1899 0.0087
450 0.0006 0.1844 0.1981 0.0118
475 0.0010 0.1928 0.2049 0.0154
500 0.0017 0.2001 0.2102 0.0199
525 0.0026 0.2064 0.2142 0.0251
550 0.0040 0.2117 0.2171 0.0312
575 0.0058 0.2161 0.2189 0.0381
600 0.0084 0.2196 0.2197 0.0460
625 0.0118 0.2222 0.2194 0.0549
650 0.0162 0.2238 0.2181 0.0647
675 0.0219 0.2243 0.2160 0.0755
700 0.0290 0.2238 0.2129 0.0872
725 0.0377 0.2220 0.2090 0.0998
750 0.0481 0.2190 0.2043 0.1132
775 0.0605 0.2148 0.1989 0.1274
800 0.0750 0.2091 0.1928 0.1422
825 0.0915 0.2022 0.1861 0.1576
850 0.1100 0.1939 0.1789 0.1734
875 0.1305 0.1844 0.1712 0.1895
900 0.1526 0.1738 0.1632 0.2058
925 0.1762 0.1623 0.1549 0.2221
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Table B.1 The simulation results of gasifier temperature in supercritical water

gasification of bagasse at gasifier pressure of 221 bar and steam to biomass mass ratio

of 0.4 (Cont.)

Mole Fraction
Temperature (°C)
Cco CO, CH,4 H,
950 0.2007 0.1502 0.1465 0.2384
975 0.2259 0.1375 0.1380 0.2545
1000 0.2512 0.1247 0.1295 0.2703
1025 0.2695 0.1125 0.1171 0.2882
1050 0.2832 0.1014 0.1032 0.3069
1075 0.2956 0.0915 0.0902 0.3249
1100 0.3067 0.0827 0.0782 0.3419
1125 0.3166 0.0749 0.0671 0.3578
1150 0.3253 0.0681 0.0572 0.3724
1175 0.3329 0.0622 0.0482 0.3857
1200 0.3395 0.0571 0.0404 0.3975
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Table B.2 The simulation results of gasifier pressure in supercritical water gasification

of bagasse at gasifier temperature of 1200 °C and supercritical water to biomass mass

ratio of 0.4
Mole Fraction
Pressure (bar)
co co, CH,4 H,
221 0.3395 0.0571 0.0404 0.3975
241 0.3369 0.0589 0.0444 0.3905
261 0.3344 0.0607 0.0484 0.3838
281 0.3319 0.0624 0.0522 0.3774
301 0.3295 0.0641 0.0559 0.3712
321 0.3272 0.0658 0.0594 0.3653
341 0.3249 0.0674 0.0628 0.3596
350 0.3239 0.0681 0.0643 0.3571

Table B.3 The simulation results in mole flow of supercritical water to biomass mass

ratio in supercritical water gasification of bagasse at gasifier temperature of 1200 °C and

gasifier pressure of 221 bar

Mole Flow (kmol/hr)
SCW/Biomass
CO CO, CH, Ha
0.1 24.87009 2.568011 4.413156 23.26313
0.2 28.71462 2.976384 5.04195 26.66682
0.3 29.04273 3.915474 4.191742 30.57353
0.4 28.86404 4.854369 3.431533 33.79305
0.5 28.56558 5.744212 2.840155 36.45703
0.6 28.18933 6.588166 2.37245 38.70409
0.7 27.76289 7.389128 1.997924 40.62863
0.8 27.30526 8.149752 1.694937 42.29822
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Table B.3 The simulation results in mole flow of supercritical water to biomass mass

ratio in supercritical water gasification of bagasse at gasifier temperature of 1200 °C and

gasifier pressure of 221 bar (Cont.)

Mole Flow (kmol/hr)

SCW/Biomass
CO Co, CHq Ha

0.9 26.82979 8.872512 1.447642 43.76286
1.0 26.34601 9.559746 1.24419 45.06045
1.1 25.8607 10.21367 1.075578 46.22021
1.2 25.37869 10.83637 0.934884 47.265

1.3 24.90337 11.42984 0.816736 48.21291
1.4 24.43709 11.99594 0.716923 49.07844
1.5 23.98142 12.5364 0.632123 49.87331
1.6 23.53738 13.05287 0.559691 50.60708
1.7 23.10557 13.54686 0.497512 51.2876
1.8 22.68629 14.01978 0.44388 51.92141
1.9 22.27961 14.47293 0.39741 52.51398
2.0 21.88544 14.90753 0.356975 53.06989
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Table B.4 The simulation results in mole fraction of supercritical water to biomass

mass ratio in supercritical water gasification of bagasse at gasifier temperature of 1200

°C and gasifier pressure of 221 bar

Mole Fraction
SCW/Biomass
CO Co, CHq Ha
0.1 0.4070 0.0420 0.0722 0.3807
0.2 0.4086 0.0424 0.0717 0.3794
0.3 0.3726 0.0502 0.0538 0.3922
0.4 0.3395 0.0571 0.0404 0.3975
0.5 0.3113 0.0626 0.0310 0.3973
0.6 0.2870 0.0671 0.0242 0.3940
0.7 0.2656 0.0707 0.0191 0.3887
0.8 0.2467 0.0736 0.0153 0.3821
0.9 0.2298 0.0760 0.0124 0.3749
1.0 0.2147 0.0779 0.0101 0.3673
1.1 0.2011 0.0794 0.0084 0.3595
1.2 0.1888 0.0806 0.0070 0.3516
1§ 0.1776 0.0815 0.0058 0.3439
1.4 0.1674 0.0822 0.0049 0.3363
1.5 0.1581 0.0827 0.0042 0.3288
1.6 0.1496 0.0829 0.0036 0.3216
1.7 0.1417 0.0831 0.0031 0.3146
1.8 0.1345 0.0831 0.0026 0.3078
1.9 0.1278 0.0830 0.0023 0.3012
2.0 0.1216 0.0828 0.0020 0.2949
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Table B.5 The simulation results in mole fraction of water gas shift reactor temperature
in supercritical water gasification of bagasse at gasifier temperature of 1200 °C, gasifier

pressure of 221 bar, steam to biomass mass ratio of 0.4 and water to biomass mass

ratio of 0.2
Mole Fraction
Temperature (°C)
co CoO, CH,4 H.
150 0.0445 0.3063 0.0357 0.6075
200 0.0533 0.2975 0.0357 0.5986
250 0.0667 0.2841 0.0357 0.5852
300 0.0834 0.2674 0.0357 0.5685
350 0.1019 0.2489 0.0357 0.5500
400 0.1209 0.2299 0.0357 0.5310

Table B.6 The simulation results in mole flow of water gas shift reactor temperature
in supercritical water gasification of bagasse at gasifier temperature of 1200 °C, gasifier

pressure of 221 bar, steam to biomass mass ratio of 0.4 and water to biomass mass

ratio of 0.2
Mole Flow (kmol/hr)
Temperature (°C)
Cco Cco, CH,4 H,
150 4.276991 29.44142 3.431533 58.3801
200 5.120161 28.59825 3.431533 57.53693
250 6.411898 27.30651 3.431533 56.24519
300 8.018265 25.70015 3.431533 54.63883
350 9.793803 23.92461 3.431533 52.86329
400 11.61805 22.10036 3.431533 51.03904
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Table B.7 The simulation results of water to biomass mass ratio in steam gasification

of bagasse at gasifier temperature of 1200 °C, gasifier pressure of 221 bar, supercritical

water to biomass mass ratio of 0.4 and water gas shift reactor temperature of 150 °C

Mole Fraction
Water/biomass
co CO, CH,4 H,
0.2 0.0445 0.3063 0.0357 0.6075
0.3 0.0092 0.3225 0.0338 0.6072
0.4 0.0032 0.3113 0.0320 0.5813
0.5 0.0018 0.2973 0.0304 0.5539
0.6 0.0012 0.2838 0.0290 0.5284
0.7 0.0009 0.2713 0.0277 0.5050
0.8 0.0007 0.2599 0.0265 0.4835
0.9 0.0006 0.2493 0.0254 0.4637
1.0 0.0005 0.2395 0.0244 0.4455
1.1 0.0004 0.2305 0.0235 0.4286
1.2 0.0003 0.2221 0.0226 0.4129
1.3 0.0003 0.2142 0.0218 0.3984
1.4 0.0003 0.2070 0.0211 0.3848
1% 0.0002 0.2002 0.0204 0.3721
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Table B.8 The simulation results of carbonator temperature in steam gasification of
bagasse integrated with CaO adsorption at gasifier temperature of 1200 °C, gasifier
pressure of 221 bar, supercritical water to biomass mass ratio of 0.4, calcium oxide to

biomass mass ratio of 1.78 and regenerator temperature of 900 °C

Mole Fraction
Temperature (°C)
CcO Co, CH, H,
650 0.1277 0.0584 0.0747 0.6046
700 0.1653 0.0423 0.0355 0.6537
750 0.1877 0.0317 0.0137 0.6793
800 0.1985 0.0258 0.0047 0.6884
850 0.2038 0.0223 0.0016 0.6900

Table B.9 The simulation results of calcium oxide to biomass mass ratio in steam
gasification of bagasse integrated with CaO adsorption at gasifier temperature of 1200
°C, gasifier pressure of 221 bar, supercritical water to biomass mass ratio of 0.4,

carbonator temperature of 800 °C and regenerator temperature of 900 °C

Mole fraction
CaO/Biomass
co CO, CHy4 H.
0.10 0.2592 0.0900 0.0012 0.4928
0.20 0.2550 0.0824 0.0013 0.5101
0.30 0.2504 0.0748 0.0015 0.5284
0.40 0.2452 0.0674 0.0017 0.5477
0.50 0.2394 0.0600 0.0020 0.5680
0.60 0.2330 0.0527 0.0023 0.5895
0.70 0.2257 0.0456 0.0027 0.6122
0.80 0.2177 0.0388 0.0032 0.6362
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Table B.9 The simulation results of calcium oxide to biomass mass ratio in steam

gasification of bagasse integrated with CaO adsorption at gasifier temperature of 1200

°C, gasifier pressure of 221 bar, supercritical water to biomass mass ratio of 0.4,

carbonator temperature of 800 °C and regenerator temperature of 900 °C (Cont.)

Mole fraction
CaO/Biomass
co CO, CH,4 H.
0.90 0.2087 0.0321 0.0038 0.6616
1.00 0.1985 0.0258 0.0047 0.6884
1.10 0.1871 0.0199 0.0058 0.7167
1.20 0.1740 0.0145 0.0075 0.7464
1.30 0.1588 0.0097 0.0102 0.7773
1.40 0.1404 0.0056 0.0148 0.8087
1.50 0.1169 0.0027 0.0233 0.8388
1.60 0.0852 0.0009 0.0386 0.8658
1.70 0.0437 0.0002 0.0619 0.8902
1.78 0.0028 0.0000 0.0862 0.9097
1.80 0.0028 0.0000 0.0862 0.9097
1.90 0.0028 0.0000 0.0862 0.9097
2.00 0.0028 0.0000 0.0862 0.9097
2.10 0.0028 0.0000 0.0862 0.9097
2.20 0.0028 0.0000 0.0862 0.9097
2.30 0.0028 0.0000 0.0862 0.9097
2.40 0.0028 0.0000 0.0862 0.9097
2.50 0.0028 0.0000 0.0862 0.9097
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Table B.10 Effect of regenerator temperature on the CO, mole flowrate released from
CaCOj; at a gasifier temperature of 1200 °C, gasifier pressure of 221 bar, supercritical
water to biomass mass ratio of 0.4, calcium oxide to biomass mass ratio of 1.78, and

carbonator temperature of 800 °C

Temperature (°C) Mole Flowrate ofCO2 (kmol/hr)
400 0.0000
450 0.0000
500 0.0000
550 0.0000
600 0.0000
650 0.0000
700 0.0000
750 0.0000
800 0.0000
850 0.0000
900 31.7418
950 31.7418
1000 31.7418
1050 31.7418
1100 31.7418
1150 31.7418
1200 31.7418
1250 31.7418
1300 31.7418
1350 31.7418
1400 31.7418
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Dual Degree program, Department of Chemical Engineering,
King Mongkut’s Institute of Technology Ladkrabang (Thailand)
and National Cheng Kung University (Taiwan)

1) Chemical Process Design

2) Renewable Energy System

3) Simulation Program (i.e., Aspen Plus)

(2019) THAILAND ENERGY ACADEMY (The Student Program in
“Energy Literacy for a Sustainable Future STEA Class 4”)
(2021) Internship at Department of Chemical Engineering,
School of Engineering, King Mongkut’s Institute of Technology
Ladkrabang

(2019) Academic head of Chemical Engineering Ladkrabang
Camp #9 at Department of Chemical Engineering, School of
Engineering, King Mongkut’s Institute of Technology
Ladkrabang

(2020 - 2021) Teacher Assistant in Unit Operation Laboratory
1 at Department of Chemical Engineering, School of
Engineering, King Mongkut’s Institute of Technology
Ladkrabang





