[2R2 sz

LAV

2 HF—F U Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

CO2 Gasification of Biomass for High Efficiency and Carbon-negative
Power Generation

0o:00@O),

oooooo:0o0o0ooo,

0000:0095950,

00000 :20140 60 3001,

ooooo:oooo,
000:00000,0000,00000,00000,00000

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 959507,

Conferred date:2014/6/30,

Degree Type:Course doctor,

Examiner:,,,,

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

Doctoral Thesis

CO; Gasification of Biomass for High Efficiency
and Carbon-negative Power Generation

Bayu Prabowo
11D29066

Advisor: Professor Kunio Yoshikawa

1

Department of Environmental Science and Technology
Interdisciplinary Graduate School of Science and Engineering
Tokyo Institute of Technology
June 2014



Abstract

With a strong growth of energy demand and the aszeof environmental anxiety, one of the world’s
ultimate challenge for the Zicentury is to develop a sustainable and low-carboergy supply
technologies. Bioenergy with carbon capturing atatagie (BECCS) offers an opportunity for
responding the challenge by ensuing the net remmivatmospheric COwhile at the same time as
fulfilling energy requirements. However, the gajpwEen the scale of biomass conversion system that
in many cases is required to be small and the ®@Sg merely feasible for the relatively largelsca
process is potentially hinder the implementatiorBEICCS. In this study we recognize the potential
utilization of biomass C@gasification as a compatible method for BECCS.; @ésification can
produce high purity of CO and G@ixture which combustion product can be sequestriat a simple
process and/or recycled back to gasifier as gasjfgigent. To more deeply investigate and optimize

this potential, the following three parts were gddn this thesis.

First, the performance of G@asification in producing nitrogen-free produces gas examined in a
lab-scale downdraft gasifier. The effect of the penature and the gasifying agent mixing with steam
and/or Q on gas evolution and the thermal efficiency wekestigated to obtain the knowledge of the
reaction behavior and find the optimum operatingditon. The result shows that @@s a gasifying
agent and heat carrier, especially in direct gasifon process, is potentially be more efficientijized

in No-free producer gas production than steam.

Second, the operability and performance of @@sification was examined in a pilot scale dowftdra
gasifier. Findings in previous chapter was usedbasic conditions while further examination was
performed to investigate the effect of the 4w rate on the reactor temperature, the prodgesr
composition and the energy yield. €0, gasification was stably operated for around 70 imipilot
scale downdraft gasifier under 0.6 - 1.6 LffDratios and around 0.4-0.6 equivalence ratio. The

enhancement of CO evolution through &far reaction and dry reforming was observable.

At last, CQ-recycled biomass gasification system was propodee performance of the power system
was analyzed using the thermal equilibrium modedlidation and adjustment of the model was
performed on the gasifier component based on thdtref previous chapter. The parameter of,CO
recycle ratio was examined under various gasifaeget temperatures and turbine inlet and exit
temperatures to find the optimum operating conditi@ompared with the conventional air gasification
the proposed system could produce 11.93 % higffieiegfcy. The system also potentially implement
carbon-negative power generation with intensityam-484.25 t01:372.23CO)/kwh with maximally
6.12 % efficiency penalty.



Acknowledgement

In the name of Allah the most merciful. | would like to express my praise to Allah for His guidance to
finish this research on the CO2 Gasification of Biomass for High Efficiency and Carbon-negative Power
Generation.

This research would not be completed without the full support of many people; therefore | would like
to acknowledge the gratitude to:

1.
2.

6.

Prof. Kunio Yoshikawa, as my supervisor,

Assoc. Prof. Fumitake Takahashi and Assoc. Prof. Koji Tokimatsu, for the valuable discussion
during the study,

Assist. Prof. Marco J. Castaldi, Prof. Herri Susanto, and especially Assist. Prof. Kentaro Umeki,
for the precious collaboration and opportunity for conducting experiment in their laboratory,
Japanese Government Monbukagakusho Scholarship scheme, for the financial support during
my study,

All supportive staffs and friends in Department of Environmental Science and Technology,
Tokyo Institute of Technology for the help and close friendship,

Friends in ITB, LTU, CU and other people that | can not mention one by one, and

Last but not least to all my family, my parents, my beloved wife Tanty and my daughter Jehan. This
thesis would be too short to describe their love, efforts and support for me not only for this thesis but
also for my entire life.

Tokyo, 4 June 2014

Bayu Prabowo



Table of Contents

LY o153 1 - T PP P ST PPPUOPUPPRPPRPPO i
F N e lT T 1Yo Fd o 1= | U i
L] o] (N0 A 00 o110 | £ PP OIS PSPUSR iii
Chapter L INtrOUCTION............c.c.oiie et sttt et bt s s e ete s ste e e sessesaessebeasanesneessenen 1
1.1 SOCIAl BACKEIOUNG ........eiiiiieie ettt e e e e e e et e e e e e e e e e e eeennbaeeeeeeessnnsssseeeeeasesanns 2
1.1.1 Energy supply and demand..........cueeiiiiiie e s 2
1.1.2 Climate changes and other environmental problems .........cccccvveeieieii e e, 2
1.2 Bioenergy with Carbon Capturing and Storage (BECCS) ......ccueeeeeiieeeeiiiee e eeiee e e e 2
1.3 Biomass gasification With CO...uiii i e e e e nbra e e e e e 6
1.3.1 Kinetics of CO2 asifiCation .......eci oo e 8
1.3.2 Performance characteristic of CO2 gasification .........cccceeeeviieiiiniie e, 10
1.3.3 Proposal and performance analysis of CO; gasification system .......cccccceevvieeeeccieeeeenen, 10
1.4 Objectives and structure of this thesis ... e 11

Chapter II: CO,-steam mixture for direct and indirect gasification of rice straw in a downdraft

gasifier: laboratory-scale experiments and performance prediction .................occcoviiiiiiiiiiieenn, 16
21 INEFOAUCTION .ttt et et et b e e sb e sheesae e sat e st e et e e e e e e e eneenne 16
2.2 01T 1a aT=T a1 =Y PSR 17
2.2.1 EXPerimeEntal SE UP .oocuviiei e e e e e ba e e e neeas 17
2.2.2 Y 1T g1 TS PRTUOROPRTO 18
2.2.3 EXPerimental PrOCEAUIES........uuiii ettt ettt ecrree e e e e e e rr e e ee e e e e e esnrsraeeeaeeens 18
224 Analytical Method and dEVICES .......cccuviiiiiiieee e 19
2.3 RESUILS @Nd dISCUSSION .cuvieiiiiiiiiiiiie ettt sttt st sb e b e seeesaee e 19
2.3.1 Effects of the mixing ratio of CO; and H,0 on producer gas evolution without the
[T LT =T aTol <N o) 2O USRS 19

2.3.2 Effects of the mixing ratio of CO; and H,0 on the producer gas evolution with the

[ ]Iy =T g Yol <N o} O TSRS 25
233 Expected thermal efficiency of direct and indirect gasifiers using the mixture of CO, and
o P O T I = 11 VA T d= V== ) USSR 29
234 Comparison of the results of equilibrium calculation and experiment...........ccccceevuneennn. 33
24 CONCIUSION .ttt ettt ettt et e st e st e sttt e sateesab e e e e beeesabeesabeesbeeeaneeesareesaneeans 34



Chapter lll: Pilot scale downdraft gasification of coconut shell with CO,-O, mixture....................... 41

K 28 P 1014 o o [¥ o1 o Yo WO RUSP PP PTOURRPRRRPOON 41
I = q o 1= T o 1T | = | P 41
3.2.1. L= o T | DU P PSPPSR PSRN 41
3.2.2. FAY o] o - [ - | {0 S 42
3.2.3. EXPerimental ProCEAUIE .......uuviiii ittt e e e e e et e e ee e e e e e e eabrreeeeaeeeas 42
3.3, RESUILS @Nd DiSCUSSION......cue ittt sttt sttt ettt et et eb s et s s b bt s e s enenes 45
3.3.1. Effect of the CO,/C ratio on the reactor temMpPerature........cccoveeeeeeeeveeevveeecree e 47
3.3.2. Effect of the CO,/C ratio on the producer gas comMpoSition ........ccceeeeveeeeeeeeveeeireeeereeennee. 50
3.3.3. Effect of the CO,/C ratio on the gasifier performance .........ccccoveeveeevieeceeccreccreecreeereeereen, 51
1R S 6] o Tl [V o DT PO PP PP PRSPPI 53
RETEIENCES. ...ttt ettt ettt e et s s et e s et e b s E s s et se e st eae b seReb et et sebeb et ere s 54

Chapter IV: CO; recycled biomass gasification system for high efficiency and carbon-negative

POWEE ENEIATION......cciiiiiiiiiiiiie e ii ettt et e e e e e s st reeeeessasaabaeeeeeeesasabasaeeessaeessnsssssenneeeessnssrsnns 57
4.1 Ta i dgoTe [¥To1dTo] o WU TP PP VPRTOVRRPRRIRON 57
4.2 Process modelling Methodology...........ueeviiiiiieiieee e e e 58
421 Material aNd STrEAMS ..cc.veiiieiieiee ettt et b e 58
422 LCF: 1) =T OO P RSP TPPURTURUPPOPRRPN 58
423 GaAS TUIDINE ettt s ee s 59
4.2.4 Other auxiliary COMPONENTS .......ouiiiieiiie et e e e e e e e e e e ennraaeeeas 59
43 RESUIt @Nd AISCUSSION ..ottt et et e s et e s e sbe e e ne e e smeeesareeeane 60
43.1 Description of CO; recycled gasification SYyStemM........ccccvvveeiiiiiieeiiiiiee e 60
4.3.2 Effect of the CO2 recycle ratio on the operating variable and the thermal efficiency of the
system at various gasifier tEMPEIrAtUIE... ...ttt e s ste s st et ane 63
433 Effect of the CO; recycle ratio on operating variables and the thermal efficiency of the
system at various turbine inlet teMPEratures .........occee e 68

4.3.4 Performance comparison of the CO; recycled gasification system and the conventional air

BASHICATION SYSTEM...iitiitictie ettt sttt et s saeete st st ste e seaeatesbesaesersaneareate st saenen 72
4.4 (60e] 4 Tol [V o1 F PP PP PP UPURUPPPPPIN 77
REFEIEINCES ...ttt ettt sttt st st et e bt e bt e bt e bt e bt e bt e s beenbeesaeesaeesaeennees 79
Chapter V: Conclusion and Recommendation..................eoooiiiiiiiiiic it 81
5.1 (60e] 4ol [V o1 F PP PP PP VRVRUPUPPIN 81
5.2 Recommendations for future research.........couee i 83



List of Figures

Chapter |

Figure 1.1 World energy demand history and projection [3]......cceceieerieeciinineeree e seecesiereresree e sve e 1
Figure 1.2 Effect of global Warming [B]......c..euiiiiiiiei et e e e ecrrre e e e e e s anreaaeeaas 3
Figure 1.3 The concept of Bio Energy with Carbon Capturing and Storage (BECCS) [9]......cceeecuvveeenneee. 4
Figure 1.4 Schematic of BECCS deployment in biomass to biochemical conversion [10] ...................... 5
Figure 1.5 Schematic of BECCS deployment in biomass to bioenergy conversion [10] ...........ccccuvveeeeee. 5
Chapter i

Figure 2.1Experiment apparatus: downdraft fix bed gasifier........ccccceeiieeciiieei e, 17

Figure 2.2 Gas evolution profiles during pyrolysis at the reaction temperatures of: (a) 750°C and....19
Figure 2.3Gas evolution profiles at the reaction temperature of 750°C under CO,:H,0 fractions of: (a)

0:0.6, (b) 0.3:0.3 and (c) 0.6:0 with the N2 fraction 0f 0.4 .........cevviieiiiiiiiiieeieeeeee e 20
Figure 2.4 Gas evolution profiles at the reaction temperature of 950°C under CO»:H,0 fractions of:
(a) 0:0.6, (b) 0.3:0.3 and (c) 0.6:0 with the Ny fraction of 0.4..........cooeciieiiciiieeeeee e 22
Figure 2.5Effect of the CO; and H,O mixing ratio on the gas yield at the reaction temperatures of: (a)
750°C, (b) 850°C, aNd (C) 9500C ... .iicuicreietee ettt ettt ete e et e st e ereesreseaessnaeenteeteenteesbeesbeesreeareseneeas 23
Figure 2.6 Gas evolution profiles at the reaction temperature of 750°C under CO,:H,0 fractions of:
(a) 0; 0.6, (b) 0.3; 0.3 and (c) 0.6; 0 with the N, fraction of 0.317 and O2 fraction of 0.083................ 25
Figure 2.7 Gas evolution profiles at the reaction temperature of 950°C under CO,:H,0 fractions of:
(a) 0; 0.6, (b) 0.3; 0.3 and (c) 0.6; 0 with the N, fraction of 0.317 and O, fraction of 0.083 ................ 26
Figure 2.8 Effect of the CO, and H,O mixing ratio on the gas yield at the reaction temperatures of: (a)
750°C, (b) 850°C, and(c) 950°C under the presence 0f Oy ....c..ccueeceeereeireeiee et eere e enees 27
Figure 2.9 Comparison between gases yield of the experiment without and with the presence of O,
at the reaction tempPerature 0f 8500C .........ccvicuiiieeiieeee e e e e esteeebeesbteesreesaeesreesneeenteenteenees 28
Figure 2.10 Concept of (a) indirect and (b) direct gasification system.........ccccccvueeeeiiieeeeciiiee e 30
Figure 2.11 Thermal efficiency of the pyrolysis and the indirect gasification under various CO, and

[ DY@ I 0 1) q1 oY= - | 1 (o PP 31
Figure 2.12 Thermal efficiency of the pyrolysis and the direct gasification under various CO, and H,0
(01D T= 41 - L[ TSSOSO UROOPROPPRPPPRPPRt 32
Figure 2.13 Comparison of the result of equilibrium calculation and experiment..........cccccceennnneen... 33
Supplement Figure 2.1 Gas evolution profiles during pyrolysis at the reaction temperature of 850°C.
.............................................................................................................................................................. 39

Supplement Figure 2.2 Gas evolution profiles at the reaction temperature of 850°C under CO;:H,0
fractions of: (a) 0:0.6, (b) 0.3:0.3 and (c) 0.6:0 with the N2 fraction of 0.4........ccccovvreiiiieiiiciirreeneeenn. 39
Supplement Figure 2.3 Gas evolution profiles at the reaction temperature of 850°C under CO5:H,0
fractions of: (a) 0; 0.6, (b) 0.3; 0.3 and (c) 0.6; 0 with the N fraction of 0.317 and O; fraction of 0.083

.............................................................................................................................................................. 40
Chapter lll

Figure 3.1 Scheme of the gasification SYSTEM.......coe e sttt et 43
Figure 3.2 Detail of the gasifier (CmM UNIL) ..ot st e 43
Figure 3.3 Temperature evolution during the experimental runs..........cccoeceeeevvieneececcercee e, 44
Figure 3.4 Producer gas evolution during the experimental ruUNS........c.cuoeveceeveeie e 46
Figure 3.5 The effect of CO,/C ratio on the reactor temperature at T1, T2 and T3 points........ccceveueee. 47



Figure 3.6 The effect of CO,/C ratio on the producer gas coOmMpPOoSItioN..........cccvevevereeeeereererieeee e 50

Figure 3.7 The effect of CO,/C ratio on the producer gas LHV and Hz/CO ratio..........ccccevveererereeeverenene. 52
Figure 3.8 Cold gas efficiency of the air gasification and the CO,-0; gasification...........cccceuveuuuneeee.. 52
Supplement Figure 3.1 Producer gas evolution during the experimental run 1........ccoevrvevnveienriennn. 55
Supplement Figure 3.2 Producer gas evolution during the experimental run 2.........cccceveeevevveneeenenn. 55
Supplement Figure 3.3 Producer gas evolution during the experimental run 4..........ccooevveevvveveninenen. 56
Supplement Figure 3.4 Producer gas evolution during the experimental run 6..........ccceceeevevereenenen. 56
Chapter IV

Figure 4.1 Scheme of the CO; recycled gasification SYSteM.......c..cvciviviiniiennence e e 58
Figure 4.2 Comparison of the producer gas composition obtained from simulation and

LT oY= 0 = ) TS 61
Figure 4.3 Scheme of the modified gasifier model configuration..........c.cccceveivenece e 62
Figure 4.4 Comparison of the producer gas composition obtained from the modified simulation and
TNE EXPEITMENT...c.e ittt et ettt etesteste e e a e st es e et et ersaaesaeateste st sbense s sensessesseraeneeateean 62
Figure 4.5 Effect of CO; recycle ratio on the required equivalence ratio at various gasifier

L] 0 Y 011 = AU ] < R SS 64
Figure 4.6 Effect of the CO; recycle ratio on the producer gas yield at various gasifier

B = 0] o L= o LU= RS ERRS 65
Figure 4.7 Effect of the CO; recycle ratio on the gasifier efficiency and the gas turbine efficiency at
VarioUs gasifier tEMPEIAtUIES........ccecececieee ettt e e eteste st e e e s es et et e ssaseatesbesteseennteres 66
Figure 4.8 Effect of the CO; recycle ratio on the overall system efficiency at various gasifier

L0=] 001 01T 0= L AU T OO T OO RSOOSR OO PR O SUUPRPPPR 67

Figure 4.9 Effect of the CO; recycle ratio on the gasifier efficiency with the various TET.....................68
Figure 4.10 Effect of the CO; recycle ratio on the system efficiency with various applied TIT and

TE T ettt sttt et sttt e s et st e s et e st s et et et sea ek eae st ses et ea st Aea et e R ek aee £ et e Rt ee bk b e R ne bt ee et she see bt e e eaeneneeeen 70
Figure 4.11 Effect of pressure ratio on the gas turbine efficiency with various applied TIT and

TR T ettt ettt ettt e te st st e s s ae e et s teeeste st ae e s be e aeeasbee et aes St aete e ek ee et bes et eebeten et abaee st ees eue e etaen sreaaen s enes 71
Figure 4.12 Scheme of the conventional air gasification system.........cccccceieinivicece s, 72

List of Tables

Table 1.1 Modes of thermal gasification [13] .....cccvvieiceiicieeie e et seete e saenees 7
Table 2.1 Proximate and ultimate analysis of rice straw sample [16]....c.cccovviririeeiirieece e e 18
Table 3.1 Proximate and ultimate analysis results of coconut shell...........c.ccooeveveiniieiiececce e, 41

Table 3.2 Parameter settings, biomass consumption and gas measurement results............................48
Table 3.3 The accumulated mass balance and the atomic mass flow rate balance of C, H, O, and N.48
Table 4.1 Gas turbine parameter SETLING ... st er b s s sae s 59
Table 4.2 Stream conditions in the CO; recycled gasification system under the gasifier
temperature=850°C, CO; recycle ratio=0.6, TIT=1100°C and TET=1000°C

(refer to Figs. 4.1 @nd 4.3)... ettt ettt et ese e ee s et ste e e et et e ss e s sasabe st steseesesntesaessansasseensensents 74
Table 4.3 Stream conditions in the conventional air gasification under the gasifier
temperature=750°C, TIT=1100°C, and TET=700°C (refer to Fig. 4.12) ....c.ccceveeeeeeeceereirerreeeeeece e 75
Table 4.4 Comparison of the operating condition and the performance between the conventional
air gasification system and the CO; recycled gasification system........cccoceveeieeie e, 75

Vi



Chapter |

I ntroduction

1.1 Social Background

111 Energy supply and demand

As a crucial part of human life, energy is evolvingnatch with the contemporary human development
and requirements. Over the last 200 years, theagfmpulation has risen by a factor of 6 while plee
capita energy consumption is estimated to have tgea factor of 20 [1]. It shows that not merely
population growth that makes the future compoundbed,the inevitable need to expand economic

output also placed enormous demands on naturararicbonmental resources.

In 2005, the United Nation estimated that the wpdgulation will increase around 40% by the year of
2040, from 6.5 billion to 9.1 billion. Moreover,dhaverage of GDP per capita, indicates the level of
economic activity, is predicted to grow by rougBf6 annually in the non-OECD area and 1.7% in the
OECD area over the next half century [2]. Thusslaswn in Fig.1.1, it is projected that the world
energy demand will increase as much as 56% bet@@®h and 2040, 524 to 820 quadrillion Btu [3].
Based on these projections, the efforts on inangasnergy supplying capacity and sustainability is

essential for securing energy supply.

900

800
EOECD mNon-OECD

700
600
500
400
300
200
100

0

1990 2000 2010 2020 2030 2040

Energy demand (quadrillion Btu)

Year

Figure 1.1 World energy demand history and projection [3]



Currently, more than 80% of world energy demarfdifled by fossil fuel. Petroleum oil is the biggt
energy contributor with the contribution around Ljtdrillion Btu per day in 2010, followed by coal,
150 Btu per day, and then natural gas, 120 quiiriBtu per day [3]. However, in contrast with thei
contribution, the reserves of the fossil is higliyited. World Energy Outlook (WEQ) 2006 estimated
the consumption/reserve ratio of around 39, 43l&4dyears for oil, natural gas and coal, respegtive
Considering the modified rate of production or aonption, a recent proposed model in 2005 even
calculated the reserves sustainability down to 35,and 107 years for oil, natural gas and coal,
respectively [4]. This means at this rate coalmesewill be available until at least 2112, andiit be

the single fossil fuel in the world after 2042.

Based on the summarized circumstances, one ofaikichallenge for the 2tentury is to develop a

new methods of generating and using energy that theaeeds of growing global civilization.
1.1.2 Climate changesand other environmental problems

In addition to the energy supply depletion, the ldids now on the path to violate the governments’
agreement to limit the rise of the average globalderature to 2 degrees Celsius by 2050. To achieve
the target, C@concentration in atmosphere by that time needie tas low as 450 ppm but recently in
May 2013, CQ level in the atmosphere already exceeded 400 pbithws the first time in several
thousand years. Average global temperatures hagadyl increased by 0.8 °C compared with pre-
industrial levels and without further climate aatiat is projected that the long-term temperature
increase will be around 2.8 °C to 4.5 °C [5]. Thessaperature increases are reversible and potgntial

create several permanent damages on human’s laealtbcosystem as shown in Fig. 1.2.

On the other hand, world energy-related carbonidermission is projected to rise 46% from 31.2
billion metric tons in 2010 to 45.5 billion metiions in 2040 [3]. With a strong economic growth and
continued heavy reliance on fossil fuels, the dlaation for limiting the global temperature rige2

°C is extremely challenging. The growth in globakeyy-related C&emission needs to be halted and
start to be reduced within the current decade. déwelopment of high efficiency and low-carbon

energy supply technologies is urgently crucial.

1.2 Bioenergy with Carbon Capturing and Storage (BECCS)

Biomass-based energy generation offers an opptytdor responding the problem of energy
sustainability and global warming. First, biomaas relatively short life-cycle compared to fosaglf

so that the productivity is technically expandabiiae potential contribution of bioenergy that is
currently 45-55 EJ/year (2004) may be increaseiti¢éa200-400 EJ/year up to 2050 [7]. The second

feature is the carbon neutrality. Biomass is carsid to be net COemission free since the entire
2



carbon precursor in biomass was assimilated fromogpheric C@during its growth via
photosynthesis. The use of biomass is expectedttemissions by 80 to 90% compared to the fossil

energy baseline scenario [8].
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Figure 1.2 Effect of global warming [6]

Considering the carbon neutrality, bioenergy cafugther to carbon-negative by reducing the release
of carbon emission from the conversion proceskdatmosphere, as shown in Fig. 1.3. This concept
can be realized by integrating the carbon captudestorage (CCS) process to the biomass conversion
system, so called bioenergy with carbon capturimi) storage (BECCS). This option offers a unique
opportunity for the net removal of atmospheric ;®@ile at the same time as fulfilling energy
requirements. The negative e€@missions that result from BECCS operations hawg fnain

implications [9]:

1. BECCS can mitigate emissions from any &mission source so that it can be used to abate th
emissions that are difficult and expensive to @dikoon, such as G@rom transportation sector

or small scale emissions.



2. BECCS can abate the emissions which have alreamyred in the past.

3. BECCS can be used as a climate mitigation risk gamant tool, which may be needed due to
the uncertainties of climate scenario modellingvall as uncertainties related to the long-term
efficiency of greenhouse gas (GHG) mitigation pekc

4. BECCS can be added as a supplement to other pescesch as on top of bio-energy use. The
application of BECCS would make it possible to reagreed climate targets at lower costs, and
also involves opportunities to raise the ambitifmmemission reductions and the pace of climate

mitigation work.

v T

Atmosphere . ; &=

CO, Capture

'_L,__

[ Geologic storage ]

g

Figure 1.3 The concept of Bio Energy with Carbon Capturing and Storage (BECCS) [9]

Due to those implications, BECCS stands out aslalej cost effective method to significantly reduce
atmospheric C®concentrations. Other mitigation methods alonesaid to be insufficient or too
expensive to reach rigorous climate mitigation éésdo 450 ppm while with BECCS, it is possible to

reach below 350 ppm [9].

As shown in Figs. 1.4 and 1.5, BECCS could be usadvide range of applications either for biomass
to biochemical or biomass to bioenergy, respegtiviedr the conversion method, in general the high
moisture content biomass is suitable for biochehtoaversion while the dry biomass is suitably

converted by thermochemical conversion mostly thhogasification.
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However as a new emerging concept, BECCS stillltv@® gaps to the implementation. From the
aspect of policy and economic, it still remainedgnaonstraint such as incentive, biomass avaitghili
land use, C@storage location, etc. [11]. From the technicsligs it is well studied that the attachment
of CCS will be resulted in 8-12 % efficiency redootand the available technology also required some
complex equipment. Hence, CCS is merely feasibléh® relatively large scale and multicomponent
process, i.e. IGCC process for coal. On the ottlee to the low energy density that increase its

transportation cost, the scale of biomass conversystem in many cases is required to be small [12]



thus might not be suitable for a complex procedse balance between these factors is largely

unexplored [11]

Currently there are only several projects on BE@@S3he operation. BECCS projects are started in
2010, where around 16 initiated projects are mdstgted in Europe and North America. The world's
first BECCS project is situated in lllinois, in thinited States. The first ton of carbon dioxide syae

as a by-product in ethanol production was sequestar this facility on 4th of November 2011.
Presently carbon dioxide is injected at a ratea303ons per year but the project will be termidate
2016 without additional funding. Another projectla¢ University of North Dakota is planning a pilot
plant biomass gasification based BECCS to demdesthature technology for bio-energy in

combination with storage of carbon dioxide [9].

In order to meet the mitigation scenarios propdsedEA [5], we would need to achieve 2.4 billion
tons of negative emissions of €f@om BECCS operations in 2050. The same repootsiggests that

a total BECCS capacity worldwide of 35 million teneill be needed in 2020. Based on the anticipated
long duration of deployment, this implies that weed 50-100 BECCS projects to be initiated within

the next 2 years, and several hundreds more shbettgafter.

1.3 Biomass gasification with CO-

Biomass gasification is one of the favorable patfsvaf biomass utilization since the technology is
relatively mature, acceptable for various kind abnbass and can produce various products.
Gasification is partial oxidation of biomass witkidizer and gasifying agent that resulting in the
mixture of combustible gases consisting of carbonatide (CO), hydrogen @Hand traces of methane
(CH,), called as a producer gas. The producer gasecasda to run internal combustion engines , can
be used as substitute for furnace oil in direct bpplications and can be used to produce someichkem
products such as methanol, DME, etc. The commenabing temperature is around 700-1300°C, while

wide range of pressure, 1 -35 atm, can be applied.

Biomass gasification process occurs in three iekated stages: devolatilization to produce volatile
matter and char (eq.1.1), combustion and gasifinatf in situ formed char with reactive gases (k@s.

1.6), and secondary reactions of primary gasesandeqs.1.7-1.16).

Biomass— CO, CQ, CHs, GH4, H:O + Primary tar (CkDy) + Carbon [eq.1.1]

C+O—CO -393.5 kJ/mol [eq.1.2]
C+05Q@—CO -123.1 kJ/mol [eq.1.3]
C+CG—2CO +159.9 kJ/mol [eq.1.4]



C + HO — CO +h +118.5 kd/mol [eq.1.5]

C+2H—CHs -87.5 kd/mol [eq.1.6]
Primary tar— CO, CQ, CHs, GHa, H2 + Secondary tar [eq.1.7]
Secondary tars> C, CO, H [eq.1.8]
Tar + vbbO — xCO + yH [eq.1.9]
Tar + vCQ — xCO + yH [eq.1.10]
H2 +0.5Q — HO -242 kJ/mol [eq.1.11]
CO+05Q—CO -283 kJ/mol [eq.1.12]
CH;+05Q—~CO+2H -110 kJ/mol [eq.1.13]
CH:+CO,—2CO+2H +247 kJ/mol [eq.1.14]
CHs+HO—CO+3H +206 kJ/mol [eq.1.15]
CO+HO—CO+H, -40.9 kJ/mol [eq.1.16]

The slowest reaction is occur in heterogeneoustiogsc(egs.1.4-1.6), thus they become the rate
controlling steps of the overall process. Thos@sstare also importantly determining the energy
intensity of the process which eventually determniime overall efficiency of the gasification system.
The char reaction with oxygen, dominant in air fiesiion or oxygen gasification, is fast and energy
extensive however it resulted in low energy recpweiproducer gas. The char reaction with steam and
with CO,, dominant in steam gasification and £fasification, is slow and energy intensive butioie
high energy yield in the producer gas. The chacti@a with hydrogen is fast, energy extensive and
resulted in high energy yield producer gas; howdwalrogen itself is a precious gas that might be
highly energy intensive in its production. The coomly utilized gasifying agent is air, oxygen, steam

or their mixture. The feature of each process sraarized in Table.1.1 [13].

Table 1.1 Modes of thermal gasification [13]

Partial oxidation with air| Main products are CO, GOH,, CHs, Ny, tar. This gives a low heating value gas| of
~5 MJ/m®. Utilization problems can arise in combustion, ticatarly in gas
turbines

Partial oxidation with The main products are CO, g®, CH,, tar (no N). This gives a medium heating
oxygen value gas of~10-12 MJ/m. The cost for providing and using oxygen |is
compensated by a better quality fuel gas. The todfis finely balanced

Steam (pyrolytic) The main products are CO, g, CH,, tar. This gives a medium heating value
gasification gas of~15-20 MJ/mM. The process has two stages with a primary reactaiucing
gas and char, and a second reactor for char coibbust reheat sand which is
recirculated. The gas heating value is maximizeditda higher methane and higher
hydrocarbon gas contents, but at the expense @frlovwerall efficiency due to los
of carbon in the secondary reactor

n




Compared to the abovementioned gasifying agent,@ilization in gasification is scarce. So far £0
gasification application is only limited for labade research work while the report about commercial
operation of CQ gasifier is hardly found. These might be relatedhe difficulty of getting high
concentration C@stream in atmosphere and moreover the reactionGafwith carbon, Eq. 1.4, is
highly energy intensive. However, the increasedcceamon global warming might positively affect the
development of this technology: the deployment &SCin the coming years will provide a large
number of high concentration G&tream,; in addition, CQutilization to useful product in gasification
is beneficial since it resulted in the carbon-negahtensity [14]. Moreover, in this study we ogoize

the potential utilization of biomass G@asification as a compatible method for BECCS ephsince
the producer gas will be mainly consisted of CO @. Combustion of the producer gas will result

in a high purity C@stream that can be sequestrated in a simple graoeléor recycled back to gasifier.

The researches on G@asification can be roughly classified into thcagegories. The first category of
studies focuses on the kinetics of char gasificaitinCQ, atmosphere. It is the subject on which the
most researches about of £@asification were performed. The second is engingestudies of
utilizing CQ, in a gasifier and study its performance charasties. The third category is proposing a

new system of feedstock conversion process thdemmmted C@gasification within.

131 Kineticsof CO; gasification

Most of the research on this subject was perforosdg char in a chemically controlled reactor. A
comprehensive review, more than 230 papers, ostibgact on coal has been made by Irfan et al. [15]
It is summarized that GQasification was more reactive with low-rank cdaé the presence of high
concentration of oxygen-containing functional grogh proportion of transitional and macro pores,
and high dispersion of catalytic inorganic matliére gasification rate was decreased by the pressure
increase due to the inhibition effect of CO bus ienhanced by the temperature increase belowsthe a
melting temperature. The suitable kinetic modeks simple power rate law for the low operating
pressure and Langmuir-Hinshelwood for the high sues The activation energy (Ea) is highly
dependent on coal and char properties and measutezirange of 32-247 kJ/mol. The best fit diftusi

model is the random pore model and it's modified (guantize solution method).

The research works on biomass roughly showed singiaults. Ollero [16] found the kinetic parameters
of nth order model where the activation energy (E4B3 kJ/mol and the reaction order (n) is 0at3 f
olive residue under pure GQtream. Langmuir Hinshelwood well described thecpss when CO
inhibition effect existed. Mani [17] found the paraters of Ea=156 kJ/mol and n=0.9 for wheat straw
char. His results also showed the enhancemeneoktction rate as the temperature increased and th
particle size reduced. The effective diffusivitgiaased rapidly with the reduction of the partsilee

and moderately with the increase of the temperatbugface reactions might also play role in the

8



particle diameter of 925 um. Zong [18] found thasification can be divided into the chemisorption
stage and the chemisorption negligible stage wiviete occurred at a low level (below 0.6) and a high
level of conversion, respectively. The activatiorigy from DSC data is in good agreement with the
calculated data from TG only in the later stage. the diffusion controlled model, Sircar [19] found
that the random pore model fitted the data bettan those of the volumetric model and the non-react
core model for pinewood char gasification. The @lalted activation energy was Ea=125+30 kJ/mol.
Apparent gasification rate parameters for largdiglas are comparable with those for much smaller
particles. The pore structure parameter is inceereen 0-16.5 within 1000-1170 K range. Regarding
the three steps of C-GQeaction: CQ chemisorption, endothermic reaction, and CO démorphe
found that the desorption step is the rate limisigp. The same conclusion regarding the model and

the rate limiting step is also previously foundther researches [20,21,22]

Some works also focused the performance compadé@O, gasification with steam gasification,
which has been a more common method. Marqueszédimas [23] found that Ea for G@asification

is in the range of 200-250 kJ/mol, while that fimasn gasification is 130-170 kJ/mol. Similarly, Adan
[20] found the reaction rate of char with @fas almost half of that with steam. The peak efrdaction
rate of char with C@was observed at 0.1 conversion degree while tliatsteam was observed at 0.3.
For the mixed atmosphere, Guizani [24] and NilsgB] found that char reactivity in the mixed
atmosphere can be expressed as the sum of thedunaiveactivity obtained in each single atmosphere
experiment and C&xloes not affect the char-steam reaction. Thesdtsasgere different from those of
coal char with mixed atmosphere that showed tlegferience of char4#® and char-C@reactions. The
interference was resulted either in the inhibitieiflect [26, 27] or in the synergistic effect [27]

depending on the mineral contents in their ash.

Since CQgasification is slow, the other focus on the Kimetorks is to add the catalyst for the reaction.
Iwaki [28] used mixture of lithium sodium and patasn carbonates as a catalyst for wastepaper
gasification at 923-1023 K. The reaction was apimaxely first order with Ea around 122-106 kJ/ mol
and lithium played the most catalytic activity. kigg29] found the activity order of metal catalgst
K>Na>Ca>Fe>Mg which also agreed with the resutitoer work [30]. He also found the de-activation
of Ca catalyst at the temperature over 890°C duileet@gglomeration. Different result was obtairred i
other research [28], that showed the activity omfemetal catalyst as Na>Ca>Fe>K>Mg. The low
activity of K-char was because of the increasetesimg tendency of ash as high concentration of K
was presented at high temperature (875°C) throbghfarmation of potassium silicate eutectics.
Lahijani [21] found the activity order of iron spes as Fe(Ng):>FeCk>Fe(SQy)3 and optimum at 5%
loading. Ea of catalyzed reaction is 253.9 kJ/rmad0 kJ/mol decrease from that of raw char reaction

In other work, Lahijani [22] used palm empty frbiinch ash which is rich in potassium as a natural



catalyst or palm shell char-G@eaction. The activation energy of the catalymsttion found to be
158.75 kJ/mol while that of un-catalyzed is 26&limol

1.3.2 Performance characteristic of CO; gasification

This study focused on the performance of the obagattion in the gasification process which intkca

by the producer gas behavior. Garcia [31] investidghe pine sawdust G@asification catalyzed by
Ni/Al at 700°C. He found that CQOs converted into valuable gas so that more COlessl H than
those of under steam gasification were observe@m@@ gasification. Agreement of the initial gas
yield to the equilibrium model prediction was obh&at at catalyst loading= 0.3 g-catalyst/g-biomass/h
Without catalyst, Ahmed [32] also found the constimpof CQ supply in the cardboard and paper
gasification at 800-1000 °C. G@ CO conversion was enhanced by the temperatarease. Kwon
examined the possibility of GOgasification with unconventional biomasses: madgae [33],
municipal solid waste [34] and sewage sludge [B®)side increased the conversion, GQection
resulted in 24.3 % and 30 % lower tar content thynolysis in the processing of algae and sewage
sludge, respectively. Hanaoka [36] investigateddhed Gulfweed gasification with G, mixture

at 900°C. He found that solid conversion to gaseuni@{/O, atmosphere was higher than that of under
He/G; due to the char-C{eaction and decomposition of tarry component @itharomatic rings. CO
increased and Hdecreased as G@oncentration was increased. Renganathan [37rpeed the
thermodynamic analysis using Gibbs Minimizationraggh by using Aspen Plus software. The cold
gas efficiency (CGE) over 100% was observed irrg¢kalt due to the partial conversion of 30 CO.
Temperature brought positive impact to LCgasification while, pressure brought negative iotpa
850°C was found to be the optimum temperature aohrel00% carbon conversion with minimum

energy supply for any fuel.

1.3.3 Proposal and performance analysis of CO, gasification system

Despite the abovementioned potential of,@®be utilized as a gasifying agent, only limitegnber

of research works examined the comprehensive systguiing the C@supply and mostly performed
with coal feedstock. Bermudez [38] performed therowave —induced charcoal gasification with,CO
They utilized the endothermic charcoal-C€action as a storage of microwave heating energy
produced by the other renewable energy source whiske intermittency problem. 45% energy

recovery can be achieved that is comparable-tbaded fuel cell.

Castaldi [39] designed a special type of indiredifier which has dual chamber used for CO catalyti

combustion and for coal gasification with steam eetycled CQ. By using the thermodynamic model

in Aspen Plus software, they found the efficientthe system was achieving 79% in the energy form

of hydrogen, heat from CO combustion and power f80#C. The optimum condition was under 25

% CQ recycle and 1.5 steam to carbon ratio. With theesaoftware, Walker [40] developed the dry
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gasification oxy-combustion power cycle. The reegdiue gas (61% C{and 32% HO) was utilized
in a high pressure (6 atm.» ®lown gasification and boiler. 34.2 % system aéfficy after CCS was
obtained in DGOC that is 4.9% higher than the oombustion based CCS technology. Oki [41]
recently investigated the G®@ecycle in the pressurized coal oxy-IGCC and ss&ftdly proposed a

system with more than 40 % efficiency even aftep €€yuestration.

Paphonwit [42] analyzed the performance of biongassfication system with COrecycle for the
syngas production with #HZO of 1.5, which is suitable for dimethyl etheroguction. The
thermodynamic model using Aspen Plus was also gragldince the demand of steam was increased
in most operating conditions, GQ@ecycle was resulted in the lower system efficjeand only
beneficial for reducing COemission at Cecarbon around 0.1-0.2 in low temperature pressdriz
gasification (T=800°C, P>10 bar). This study reedahat CQ gasification is merely not suitable for
producing syngas for chemical feedstock which negunigh ratio of HCO.

Despite the abovementioned prospective of. @Dbe utilized as a gasifying agent, none of them
examined the potential utilization of @@asification for implementing a simple and highogéncy
BECCS. As previously mentioned, to create a siraplé high efficiency biomass gasification system
might be a key to successfully implement BECC3enfuture while C@gasification might contribute
on this issue. Therefore a comprehensive studgeofmplementation of biomass g@asification for

high efficiency and carbon-negative power genenagcessential.

1.4 Objectivesand structure of thisthesis

General objective of this thesis is to proposeambiss C® gasification based technology that can
implement a simple and highly efficient BECCS sgstén more detail the present study is divided into
three parts: first we studied the basic biomass @&Sification characteristics in lab scale expenine
then we examined the operability and performancéiofmass C@ gasification in a pilot scale
downdraft gasifier, and finally we proposed the@€rycled biomass gasification system for high

efficiency and carbon-negative power generatioiis Tesis will be presented in 5 chapters as falow

In the current Chapter 1, the opportunity of biosn@€» gasification in giving positive contribution to
the energy and environmental problems was discu3$edrecent development and research works of

this technology as well the challenge for impleraéinh are also explained.

In Chapter 2, the performance study of @@sification that were performed in a lab-scale ridnaft
gasifier is presented. The effect of the tempeeatund the gasifying agent mixing with steam and/or
02 on gas evolution and the thermal efficiency wakestigated to obtain the knowledge of the reaction

behavior and find the optimum operating condition.
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Chapter 3 examined the scalability and performasfc€EQ, gasification in a pilot scale downdraft
gasifier. Findings in Chapter 2 was used as basiditions while further examination was performed
to investigate the effect of the €f@ow rate on the reactor temperature, the prodgasryield and the

energy yield.

Chapter 4 presented the proposed-@feycled biomass gasification system for highcedficy and
carbon-negative power generation. The performarictheo power system was analyzed using the
thermal equilibrium model. Validation and adjustmeh the model was performed on the gasifier
component based on the result of Chapter 3. Thenpeter of CQrecycle ratio was examined under
various gasifier target temperatures and turbirnet itemperatures to find the optimum operating
condition.

Chapter 5 summarized the overall results along sdtne recommendations for further improvement
of the biomass C@Qpasification system as a valuable method for iefficand environmentally friendly

utilization of biomass.
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Chapter 11

CO2-steam mixturefor direct and indirect gasification of ricestraw in a
downdr aft gasifier: laboratory-scale experiments and performance

prediction

2.1 Introduction

One of the desirable feature for applying the cartapturing and storage (CCS) in biomass gasi@inati
system is the production of syngas without nitrogentent. Combined with oxy-fuel combustion
techniques, combustion of nitrogen-free producerrgaults in high C&concentration stream that is
suitable for the sequestration process [1]. Funiioee, the nitrogen-free producer gas is also fdlera
for the NG reduction [2] and for another conversion processeh as synthesis of liquid fuels and

chemicals [3].

There are two existing methods to produce nitrdgesm syngas. One method is direct (or autothermal)
gasification, which supplies the mixture of oxygerd steam as an oxidant [4]. The other is indiact
allothermal) gasification with two reactors: gasifwith steam supply and char/biomass combustor
with air supply [5,6]. Char combustion provides @&sary heat for gasification, which is transpotted

the gasifier by means of solid fluidized materiasensible heat of steam.

The sensible heat of unreacted steam makes thallthermal efficiency of such gasification process
lower, especially when we need to vaporize watayeioerate steam. Previous researches have noted
that steam conversion in the gasifier was less 11@a%o, either in fix bed gasifiers or in fluidizédd
gasifiers [6-8]. C@has a similar function as a gasifying agent witas through the Bouduard’s
reaction [9] and the dry reforming [10]. In additj CQis in gas-phase at ambient condition, and often
separated from final product (SNG, DME, FT-diesel¢c.) during product refining or syngas
conditioning [11-13]. Therefore, it is worth invigmting the feasibility of nitrogen-free syngas
production via autothermal and allothermal gasifisawith CQ as a gasifying agent. In fact, recent
studies have investigated oxy-&@asification of coal integrated with an oxy-fuentbustion boiler

[14] or gas turbine [15].

Despite the potential of GQo replace steam, no study was found that is camgpayasification
performance under the atmospheres of,G@am, and their mixtures in term of the thereffitiency.
Some studies showed the effect of steam [16, 1gJ®r[18-20] on the gasification characteristics of
biomass using chemically controlleldboratory-scale reactors. The kinetics behaviogasfification

under CQ compared with that of under steam has been waliest in some researches conducted with
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char samples [21-23]. However, to bridge the imgetation of this technology, a study about the
effect of steam replacement by €0n the performance of gasification process is irequas a
feasibility study. This chapter first presents tjas evolution behavior of rice straw sample unber t
flow of various gas mixtures (steam, £&hd their mixture). The reaction temperature aedresence

of O, were also taken into account. Pyrolysis experimert also performed and used as a base data
for the comparison with the examined gasifying agiehhermal efficiencies of rice straw gasification
under the examined reaction conditions were th&nleded and compared to investigate the feagibilit

of CO, gasification for high quality syngas production.

2.2 Experimental
2.1.1 Experimental set up

Fig. 2.1 shows the fixed bed downdraft gasifierdusethis study. It consists of a 900 mm long, 28 m
outside diameter, and 20 mm inner diameter quabi; ta 250 mm long electrical heater; a gas clganin
system; and a micro gas chromatograph. Stainles$ wire mesh was set as a grate inside the tube
reactor. Two isopropanol (IPA) impinger bottleszabon filter, a cotton filter, and a silica geb&u
were installed for cleaning the producer gas agdarsand moisture. The quartz tube is vertically
adjustable in accordance with the position of th&ction frontier in the sample bed. The electrical
heater was connected to a temperature controlldrtlae controller was equipped with a K-type

thermocouple to detect the temperature of the @uiéace of the reactor column.

Water ————  ——
Syringe sl
pump ]

CO2 Cylinder Nz Cylinder air Cylind
The tube moves vertically i . b b

and can be adjusted to
the reaction frontier
Steel wire mesh as a grate

Thermocouple \ —> Electric heater

Filters Micro GC

= == —

Silica gel

IPA columns

Figure 2.1 Experiment apparatus: downdraft fix bed gasifier
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2.1.2 Materials

We used rice stravgrown in farmlands in southern part of Japan sihieone of the most abundant
biomass resources wasted in Asian countries. It esuago the size of 15 - 20 mm in longitudinal
direction. The proximate and ultimate analyseshefgtample, shown in Table 2.1, were taken from

previous experiments with the same sample [16].Mbisture content of the sample was 58D %.

Table 2.1 Proximate and ultimate analysis of rice straw sample [16]

Volatile Fix

Proximate Ash

analysis matter  carbon

(wt% d.b.) 80,4 4.6 15

Ultimate C H N O(diff.)
analysis

wtYodap 3 6409 489

2.1.3 Experimental Procedures

The gasification tests were carried out in a batgkeration by feeding 3.5 gram of sample
(approximately 150 mm height of the sample bediially, the tube reactor was located at upper
position so that the grate was kept in the coldez@ample was then loaded and reactor was purged
with adjusted gasifying agent. After the heatechea the desired temperature, the reactor tube was
shifted down so that 50 mm of the sample bed weetéa in the heated zone. Steam was injected just
before the reactor tube was shifted down. The tdrthe reactor temperature hereafter in this paper
referred to the temperature that was set in thepéeature controller. The setting temperature itself
represented the overall working temperature oettperiments in spite of the occurrence of a redativ
small fluctuation at initial stage of experimen®@{8 decreases for less than 5 minutes). The producer
gas was analyzed for 90 minutes after the sampseingrted to the heated zone. Experiments were
carried out by varying the mixing ratio of gQ&team, N and Q. CGO,, steam and Dwere supplied as
the examined gasifying agent while tWas supplied as an inert gas for the purposeefithw rate
guantification of each gas specie. The total flaterof the gas supply during. @ee experiments
(simulating indirect gasification and pyrolysis dtions) was 590 ml/min at the standard state, with
60vol.% of gasifying agents (steam andJiC@nd 40vol.% of Nfor gasification and 100vol.% of N
for pyrolysis. The total flow rate of gas duringetbxperiments with the presence of(€8mulating
direct gasification conditions) was 660 ml/min la¢ standard state, with 60vol.% of gasifying agents
(mixture of steam and CQuvith various mixing ratios), 8.3vol.% of.@nd 31.7vol.% of N All the
experimental conditions were repeated twice andtbeented data is the average of the results. The
shown error bar is the standard deviation betweertvwo experiment results.
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2.1.4 Analytical method and devices

The producer gas composition was analyzed by aongias chromatograph (VARIAN CP-900, GL
Sciences Inc.) equipped with two columns (MS 5A &bokQ) and thermal conductivity detectors
(TCD). H,, Oz, N2, CHs, and CO were separated with the MS 5A column a®d C,H4, and GHe
were separated using the PlotQ column. Calibraifahe peak area to determine the volume fraction
of each gas specie was performed prior to the @rpeatal run by analyzing the fixed composition gas
and set it as a standard. The gas evolution ¥gtarid the gas yield/ was calculated on the basis of
the nitrogen flow ratey,), as shown in Egs. 2.1 and 24.is the volume fraction of the gas speicie

in the producer gas detected with the micro GClemt)jy, is that of N. At is the time interval between

two micro GC analysis angl,,, is the mass of the sample. &eld was calculated at the net basis by

subtracting the flow rate of G@t the inlet from that of C&at the outlet as shown in Eq. 2.2.

Y, = FnaXpi (2.1)
XpN,
ZYAt
(e (2.2)

2.3 Resultsand discussion

2.3.1 Effectsof the mixing ratio of CO, and H20 on producer gas evolution without the presence

of 02
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Figure 2.2 Gas evolution profiles during pyrolysis at the reaction temperatures of: (a) 750°C and

(b) 950°C
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Fig. 2.2 shows the gas evolution during the pyiislggperiments under 100vol.% o$.NFigs. 2.3 and
2.4 show the gas evolution profiles during the fisgion experiments without the presence of oxygen
at the reaction temperature of 750°C (Fig. 2.3) @@°C (Fig. 2.4). In gasification experiments, the
composition of the gasifying agent was varied amtimge different ratios: (a) MNtOvol.%, HO-
60vol.%, CQ-0vol.%; (b) N-40vol.%, HO-30vol.%, CG-30vol.%; and (c) ¥40vol.%, HO-0vol.%,
C0O,-60vol.%. Either in pyrolysis or in gasificationder every reaction conditions, major gas evolution
was observed at the beginning of the experimenis1(:20 minutes of the elapsed time mainly due
to the devolatilization of biomass. Then unlikegéan pyrolysis, relatively low gas evolution of CO
CO; and B was observed in the gasification until the enthefexperiments due to the reaction of char
with H.O and/or CQ. The BO-char reaction (Eq. 3) is known as the water gastion and the CO
char reaction (Eq. 5) is known as the Bouduardastien. For easier interpretation, terminologies of

the HO-char reaction and the G©har reaction are used in this thesis.
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Figure 2.3 Gas evolution profiles at the reaction temperature of 750°C under CO;:H,0 fractions of:
(a) 0:0.6, (b) 0.3:0.3 and (c) 0.6:0 with the N, fraction of 0.4

20



C+HO—CO+H AH =131.3 kJ/mol (2.3)
CO+HO < CO + H AH =-41.1 kJ/mol (2.4)

C + CO— 2CO AH = 171.1 kJ/mol  (2.5)

At the reactor temperature of 750°C, dissimilathat of in pyrolysis (Fig. 2(a)), Hevolution rate
during devolatilization under #-N, atmosphere (Fig. 3(a) (0-20 minutes of elapsed)jmaccurred

in a broad peak which is gradually decreased timgilend of the experiment. The evolutions of CO,
CO,, and hydrocarbon gas {€}, which mainly consisted of GHvere also relatively high under the
steam presented atmosphere. These occurrencesdrtipdi role of steam in yielding the gases through
the HO-char reaction (the water gas reaction, Eq. 2h@) water gas shift reaction (Eq. 2.4) and the
methanations (Egs. 2.6 and 2.7) simultaneous vatoldtilization. Furthermore as shown in Fig. 2.3
(0-20 minutes of the elapsed time), theendolution rate during devolatilization decreaskahg with

the increase of the G@raction in the gasifying agent. It was resulteahi the lessen role of the water
gas shift reaction andHonsumption by the presented £rough the backward water gas shift
reaction. The CO evolution rate showed the maximpaak value under the mixed atmosphere (30vol.%
for both HO and CQ fractions) that might have come from the comboratf CO evolution by the
H.O-char reaction and the backward water gas shifitien. A decrease of hydrocarbon gas evolution
was also observed as the £@action increased. Hydrocarbon decrease was widén parallel with
the H decrease, thus it probably came from the less¢hamation reactions. Similar trend of methane
in gasification under D and CQwas reported in the previous study [24]. The dfgnmaing reaction
(Eqg. 2.8) might also occur under the £& atmosphere since its yield of hydrocarbon was tdhen

that of under honly atmosphere (pyrolysis).

COs+ 4Hh— CHy + 2O AH =-165.0 kd/mol (2.6)
CO + H > CHs + H,O AH = - 205.8 kd/mol (2.7)

CHmNCO;—M/, Ho + 2n CO (2.8)

During char gasification under the® N, atmosphere, as shown in Fig. 2.3(a) (20-90 minotdlke

elapsed time), continuous evolutions of @G, and CO were observed. It means that tf@-ehar and

the water gas shift reactions were dominant. Utlikemixed atmosphere, as shown in Fig. 2.3(k), H

evolution was continuously observed and CO evatutias only visible up to 40 minutes of the elapsed

time. CQ slightly evolved although it is hardly observabiem the figure. The continuous evolution
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of H, and CQ but no CO means that CO evolved from th®#har reaction and the G©Ohar reaction
was suppressed by the water gas shift reactionn@uhar gasification under the @@, atmosphere,
as shown in Fig. 2.3(c), CO evolution was obsetogéther with CQwhose flow rate was below the

supply rate. It means that the dominant reactiafeuthis atmosphere was the £ear reaction.
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Figure 2.4 Gas evolution profiles at the reaction temperature of 950°C under CO,:H,0 fractions of:
(a) 0:0.6, (b) 0.3:0.3 and (c) 0.6:0 with the N fraction of 0.4

In gasification experiments at the reactor tempeeadf 950°C, as shown in Fig. 2.4, similar evalnti
profiles of B and CO to those at 750°C was observed during dghodtion (0-20 minutes of the
elapsed time) but with much higher evolution rdtéhe most gases than those in pyrolysis, as shown
in Fig. 2.2(b). Unlike char gasification at 750W) showed approximately the same gas evolution rate
as H during the char gasification period (20-50 minutdsthe elapsed time) under the mixed
atmosphere, as shown in Fig. 2.4(b). CO evolutian ¢ame without the evidence of £&@nsumption

implied that the C@char reaction occurred together with the forwamtewr gas shift reaction. GO
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consumption by the C&har reaction was coincidentally balanced by, Géneration by the water gas
shift reaction. Under the GEN, atmosphere, as shown in Fig. 2.4(c),.@&0Onsumption was more
apparently observed during the char gasificatibis.the evidence that G@ngaged in the gasification
reactions. Gas evolution profiles at the reactompierature of 850°C showed similar trends to those a

950°C (supplement material).
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Figure 2.5 Effect of the CO, and H,O mixing ratio on the gas yield at the reaction temperatures of:
(a) 750°C, (b) 850°C, and (c) 950°C

The effect of the mixing ratio of the gasifying ag®n the overall gas evolution at each reaction
temperature and its comparison with the resultyoblysis is shown in Fig. 2.5. The presented error
bars shows the standard deviation of the repeatgedrienental results. In the experiment under the
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presence of steam, the entire gas yield showeehigilue than that of underfnly atmospehere in
pyrolysis. While under the GEN, experiment, slight lower yields of.knd hydrocarbons than those
in pyrolysis, were shown together with significgntligher CO and lower net G@volution These
showed the important role of steam and.@€a gasifying agent in yielding the producer gapecially

the combustible species.

In gasification experiment at the reactor tempeeatdf 750 °C, as shown in Fig. 2.5(a), theyield
constantly decreased around 225 ml/g-sample fayex8 CQ increase (which also means 0.3°H
fraction decrease). The CO yield remained unchaagédhe CQyield significantly decreased when
the CQ fraction increased from 0 to 0.3. These changgdieah less role of the ¥D-char reaction and
the forward water gas shift by 0.3® fraction reduction. The expected CO yield incecams not
observed because the progress of the-€far reaction was not observable under the mixed
atmosphere. Thus, the partiab@Hto CQ substitution was disadvantageous for combustilsie g
evolution. As the Cefraction increased from 0.3 to 0.6, the CO yielcréased along with the further
decrease of the C@ield down to zero. The occurrence of the@Bar reaction played important role
for this change, as also shown in Fig. 2.3(c). Tdat that the C@char reaction was inconstantly
affected by the C@fraction while the HO-char reaction was constantly affected by the €&xrtion

can be explained by inhibition effects betweei®Hnd CQ during the char gasification. Previous
study [25] showed that the G©Ohar reaction is inhibited by-B® while the HO-char reaction was not
affected by C@ The hydrocarbon gas {¢ yield also suppressed by the increase of the 16&ing
ratio due to the occurrence of gas phase reactiotie initial stage of experiment as was discussed

earlier in this chapter.

At the reaction temperature of 850°C, as shownign E.5(b), the increase of the CO yield were
consistently observed as the £feaction increased in the gasifying agent. Howgtlee inhibition
effect of HO on the C@-char reaction was still seen as the CO yield sda@nvex function against
the CQ fraction. The net C@yield showed negative value at the Gfaction of 0.6. It is the evidence
that CQ engaged in the gasification reactions, as alsevshia Fig. 2.4(c). The Hyield declined

linearly as the C@fraction increased, but with a greater severigntthose at a lower temperature.

At the reaction temperature of 950°C, as showngnZ5(c), the inhibition effect of #D was not seen
since the CO yield increased continuously by tlegase of the CQOraction. The continuous increase
of CO and decrease of G@nplied the strong activity of the G&@har reaction that might be related to
the enhanced catalytic property of the char byGfe presence in high temperature. Previous research
[26] about the catalytic properties of char durgmgification with CQ at around 720 -1000C
showed the positive trend toward the temperatwe oh the formation of micropore network in char
without any tendency of metal sintering on its aoef The micropore provided access for gasifying
agent to reach the active sites thus enhancedathbytic property of the char.
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2.3.2 Effectsof the mixingratio of CO, and H2O on the producer gasevolution with the presence

of 02
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Figure 2.6 Gas evolution profiles at the reaction temperature of 750°C under CO,:H,0 fractions of:
(a) 0; 0.6, (b) 0.3; 0.3 and (c) 0.6; 0 with the N, fraction of 0.317 and O, fraction of 0.083

To simulate the reaction conditions in autotherdigdtt gasification, @vas introduced into the reactor
with the molar fraction of 8.3vol.%. Figs. 2.6 add show the gas evolution profiles at the reaction
temperatures of 750°C and 950°C under the presgin©e Gas evolutions of gasification under the
presence of @completed at around 40 minutes, earlier than thiosker Q absence atmosphere, at
around 90 minutes. The reaction rate of the charbestion (Eqg. 2.9) is higher than those of the char
gasification with steam and carbon monoxide [9]e Tdorder between devolatilization and char
gasification stages was not as clear as the oren@zswithout the presence of.an this section, we
define the devolatilization stage when hydrocarigases evolved, and the rest is called as the char
gasification stage although there might be an apebetween them.
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CHy- O0r—2(1+) CO+(%-1)-CQ (2.9)

At the reaction temperature of 750°C; élolution was observed during the char gasificaitage
under HO presence atmosphere. It means that t@¢har reaction engaged in gasification reactions.
In addition, significant CO evolution was also alveel during the char gasification under all reactio
conditions. CO evolution might have come from @dtombustion of char, especially in steam-injected

atmospheres, since those were not significantlgoesl in the experiment without Presence.
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Figure 2.7 Gas evolution profiles at the reaction temperature of 950°C under CO,:H,0 fractions of:
(a) 0; 0.6, (b) 0.3; 0.3 and (c) 0.6; 0 with the N, fraction of 0.317 and O, fraction of 0.083

At the reaction temperature of 98 the highest CO peak was observed under theGBMI;
atmosphere. It means that the &fMar reaction played an important role in gasiiozareactions.
Under this experimental condition (Fig. 2.7(c))emhwas no net evolution or consumption of,GO

the elapsed time of 10 minutes to 20 minutes afihdbe evolutions of other gases showed their peak
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values at around 10 minutes after the experimeatted. It implies that the generation rate of,®®
devolatilization and char combustion was the samtha consumption rate of GOy the CQ-char

reaction coincidentally.
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Figure 2.8 Effect of the CO, and H,O mixing ratio on the gas yield at the reaction temperatures of:
(a) 750°C, (b) 850°C, and(c) 950°C under the presence of O

Fig. 2.8 shows the effect of the mixing ratio oé thasifying agent on the overall gas evolution in
gasification experiments with the presence gaOeach reaction temperature. Continuous decrgase
H., which indicated less role of the;®Btchar reaction, was observed with the increasthe&fCQ
fraction at all temperatures examined. Meanwhiie,donvex increase of CO against the, @lxing
ratio implies inhibition of the C&char reaction by steam at the reaction temperatu880°C and 950
°C (Figs. 2.8(b) and 2.8(c)). In general, the nét ¢ield decreased as the®lfraction in the gasifying
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agent was substituted by @0t might show the domination of the @€har reaction over the GO
evolving reaction with the increase of the Q@ixing ratio. The hydrocarbon gas yields showed no

significant difference at different G@nixing ratios.
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Figure 2.9 Comparison between gases yield of the experiment without and with the presence of O,
at the reaction temperature of 850°C

Fig. 2.9 shows the gas yield of the experimentiedmwvithout and with the presence of @ the reaction
temperature of 850°C. Although not as significanttense without the presence of e role of steam
and CQ with the presence of QOn yielding the producer gas compared to theahnosphere in
pyrolysis is also remarkable. Higher yield of &hd CO than those of pyrolysis was shown in the
gasification under steam presented atmospherekg slight lower H yield and much higher CO yield
than those of pyrolysis observed in the gasificatiader the C&0>-N, atmosphere. Compared with
the gasification experiments without @jection, the combustible gas yield under thespnee of @
showed low values at all the reaction temperatesesmined. Under the X-N. atmosphere, O
injection decreased the;kield the most and then the CO yield. Under th®+€0,-N, atmosphere,
the decreases of.land CO were more comparable. Meanwhile, a sigmfidecrease as a result of O
injection was only observed for the CO vyield unither CQ-N. atmosphere. Hydrocarbon yields under
all atmospheres with the injection of @ere lower than the yields of pyrolysis and gastiion without
the injection of @ Combustion of each combustible gas seems todpomsible for those decreases.
The net CQ vyield increased with the QOinjection in all atmospheres. These incrementsewer
proportional to the COmixing ratio and furthermore to the CO yield des® in each atmosphere. It
showed that the most of the €@eld in the experiment with the presence of @me from CO

combustion.
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2.3.3 Expected thermal efficiency of direct and indirect gasifiers using the mixture of CO, and

H20 as a gasifying agent

As also shown in Fig. 2.9, the substitution of stday CQ mostly resulted in lowering combustible
gas yields in all examined conditions. Neverthelssge steam has higher enthalpy than 6@ing

to the latent heat, the replacement of steam byvaild potentially increase the thermal efficiemty
the system. Further examination was then perfofoyazhlculating the thermal efficiency of a gasifier
It was calculated as the ratio of chemical enengput of the producer gas to the sum of energytinpu

considered from the energy of feedstock, gasifgiggnt preheating, and @roduction (Eq. 2.10).

Thermal efficiency of gasifier
LHV,(J/ml — producer gas) X y,(ml/g — wet biomass)

(LHVb + EGasifying agent preheating + EOZ production) (]/g — wet biomass)

(2.10)

Higher heating value (HHV) and lower heating vallElV) of biomass was calculated from the dry
base mass percentage of the biomass componengsausiified formula suggested in previous research
[27] (Egs. 2.11 and 2.12, respectively). C, H, Q,Nand A are the mass percentage of carbon,
hydrogen, oxygen, nitrogen, sulphur and asghis the hydrogen mass fraction akyg, is the latent

heat of water vaporization. The calculated dry ddssating values were then adapted to wet based and
applied in Egs. 2.10 and 2.13

HHV,(J/g — dry biomass) = (0.3491C + 1,1783H + 0.1005S - 0.0151N - 0.0211A) x 1000 (2.11)

LHV,(J/g — dry biomass) = HHV,, — 9wy X Ly, (2.12)

Wg

Tr
. HHVb) (1 - 7')loss) =my (Zl fTo ngcp,gidT + WgHZOLHZO) +

a

T
mg (Zl fTDg ngCp'gidT + WgHZOLHZO +

m, f;: CppdT (2.13)

The energy input of the gasifying agent was catedl&o that the gasifying agent should be preheated
to the target reaction temperature according tonale energy balance (Eq. 2.13). As shown in Fig.

2.10, the sensible heat source is the combustiohiavhass and/or residual char. The preheated
temperature of the gasifying agent was assumec th0B0°C, which was the highest temperature
achieved at pilot scale experiments of high tenpesasteam gasification [7]. For the: @jected

process, the heat for gasification reactions wasglgd not only by the sensible heat of the predebat
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gasifying agent, but also by the heat of biomassgb@ombustion. 5% of the total thermal energyin
was assumed to be lost from the system. For théogdion experiment, hfraction was not counted
in this calculation since it only exist as a cargas and will not be supplied in the real gasifa
process. For the gasification experiments withoyttlie CQ fraction of 0.5 in the thermal efficiency
calculation was corresponding to the experimentis thie CQ fraction of 0.3 in previous sections, (i.e.
the CQ fraction of 1 in the thermal efficiency calculatis equivalent to the GGraction of 0.6 in the
experiments). The fraction of the gasifying agentthe experiments with-Qvas modified so that the
O fraction becomes 12vol.% and the fraction of tteas)/CQ mixture becomes 88vol.%. The; O
production energy, 576 J/g-Qnas taken from the energy requirement of a coromecryogenic air

separation unit [28].
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{1050°C}

Water and/or CO:

Heat Exchanger

Biomass and/or char

Biomass

|
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) {1050°C}

Heat Exchanger [#——— Water and/or CO:
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Figure 2.10 Concept of (a) indirect and (b) direct gasification system
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Figure 2.11 Thermal efficiency of the pyrolysis and the indirect gasification under various CO, and
H.0 mixing ratio

Fig. 2.11 shows the effect of the €fbaction on the expected thermal efficiency of pyeolyzer and

the indirect gasifier at various reaction tempeaeguDue to the higher gas yield, most of the aadir
gasifier had higher thermal efficiency than thegbyzer at each examined reaction temperatures. The
lower thermal efficiency than that of the pyrolyzess only produced in the gasifier with steam-only
atmosphere at the reaction temperature of©@58wing to its high energy requirement. The thermal
efficiency of the gasifier decreased as the @&ction increased at the reaction temperaturg06C,
while it increased at higher temperatures. At thaction temperature of 750°C, the energy yield
dropped more than the energy input did by the oeprent of steam by GOwhich resulted in a low
gasification thermal efficiency at a high eftaction. At the reaction temperatures of 850°G @50°C,

the decrease in the chemical energy of the prodyaemwas less significant than the decrease in the
energy input by the gasifying agent, which resuited higher efficiency at a high G@action in the
gasifying agent. At the reaction temperature of°@5@he thermal efficiency was lower than those at
850 °C at all C@fractions, and lower than those at 750°C undemst@volved conditions. It means
that the increase in the chemical energy of thdywwer gas by increasing the reaction temperatare fr
850°C to 950°C was less than the increase in tipgirezl energy input to reach the target reaction
temperature. The highest thermal efficiency expkte the indirect gasification, 52%, was obtained
under pure C@atmosphere at 850 °C.
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Figure 2.12 Thermal efficiency of the pyrolysis and the direct gasification under various CO; and
H.0 mixing ratio

In the direct gasification process, the amountasifying agent required to supply the heat of react
was significantly reduced by the biomass partiahlsostion. Thus, the producer gas energy affected
the thermal efficiency greater in the direct gasithan in the indirect gasifier. Fig. 2.12 shoWws t
effect of the CQ@ fraction on the expected thermal efficiency atidas temperatures in the direct
gasification and its comparison with pyrolysis. Daehe higher gas yield and lower heat input m th
gasifying agent, the direct gasifier had a higlmrmal efficiency than pyrolyzer at all examined
reaction conditions. At the reaction temperatufég50°C and 850° C, the increase of thes @&ction

in the gasifying agent brought no positive effattloe thermal efficiency of the gasifier. As prasty
shown in Fig. 2.8, the decrease efykelds which were more significant than CO incesasthe reaction
temperature below 850° C caused this trend. Atréaetion temperature of 950 °C, the thermal
efficiency increased as the steam fraction fullpssituted with CQ The high yield of CO was
responsible for this occurrence. Suppression oflG©to the inhibition of C&char reaction by steam
lowered the thermal efficiency of gasification undiee steam-C@O.atmosphere. At the reaction
temperature of 850°C, gasification under the madetbsphere has the lowest thermal efficiency among
those of under the other atmospheres. While atghetion temperature of 950°C, no increase of the
thermal efficiency was observed as the steam pgrsabstituted by C@ The highest thermal
efficiency expected for the direct gasification ggss was 60% under the &Q, atmosphere at 950
°C. Considering the required period for complete gaolution, 24 minutes, the ratio between the
gasifying agent and the feedstock in the experimerdter CQ-O, atmosphere at 950 °C can be

32



approximately correlated to the condition of 3.6.(@0ratio and 0.4 equivalence ratio (molar ratio
between the supplied oxygen to the amount of oxygeguired for stoichiometric combustion of the

feedstock).

2.3.4 Comparison of the results of equilibrium calculation and experiment
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Figure 2.13 Comparison of the result of equilibrium calculation and experiment
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In order to conduct the further study about thectiea performance of COgasifier and also the
limitation occurred at each reaction temperatuommarison between the experiment results and the
equilibrium calculation were analyzed. The equilibn analysis was performed by treating the
comparable amount of the reaction components iegblduring 0-24 minutes, correlated with 0.4
equivalence ratio, as one equilibrium system. Tdleutation was executed based on the mass and
thermodynamic balances of three atomic componemtsveo chemical reactions, respectively. Aspen

Plus software was utilized in this analysis.

LHV,(J/ml — producer gas) X y,(ml/g — wet biomass)
LHV,(J/g — wet biomass)

Cold gas efficiency = (2.14)

Fig. 2.13 showed the comparison of the cold gasieffcy (CGE) and the gas yield between the
equilibrium calculation and the experiment resuldler CQ-O. atmosphere. CGE was calculated as a
ratio of the energy output in the producer gah&energy input in biomass, as shown in Eq. 2.14. A
750C, a large overestimation of the CO yield and ueskmation of the Cooutlet compared to the
experiment results were shown by the equilibriuteidation. These implied that G&@har reaction
extent in the experiment was far from the idealdition. The kinetics and diffusional limitations ghit
play important role under this condition. The expental CGE was roughly only a half of the ideal
condition. At 850C, smaller gaps of the CO overestimation and G@erestimation between the
equilibrium prediction and the experiment resudtrthhose at 75C were observed. These implied that
CO,-char reaction was more highly activated at tmgderature. The experimental CGE can reasonably
represent the equilibrium predicted CGE. A betitewith the equilibrium prediction than those of at
the lower reactor temperatures was shown by therarpnt result at 95C. The kinetics and
diffusional limitations on C@char reaction might play less significant rolettdas temperature. The
equilibrium under-prediction to the experiment teswere observed for thezHield at the reaction
temperatures of 850 and 950C. These might be caused by the limited extert@bas phase reaction

especially the reverse water gas shift reaction.

2.4 Conclusion

A series of biomass pyrolysis and £€deam gasification experiments without and witth@ve been
performed. Compared with pyrolysis, &&8eam gasification without and with @ielded high amount
of combustible gas. Both gasification conditionsoashowed similar effect of the @ixing ratio,
while experiments with ©showed a lower combustible gas yield. The reshitsved that substitution
of steam with C@would generally lower the Hyield and enhance the CO yield. Inhibition of @@,-
char reaction was observed under the presenceashstt was confirmed by a significant CO evolution

under pure C@atmosphere.
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A positive effect of C@ mixing ratio on the thermal efficiency of the desi was observed at the
temperature of 850° C and above. For the indirasifigation (without @supply), the highest thermal
efficiency of the gasifier, 52%, was gained undé&.-0Only atmosphere at 850 °C. For the direct
gasification (with @ supply), the highest thermal efficiency of 60% wganed under C£0O;
atmosphere at 950° C. This calculation result shibatshe gasification process with €& a gasifying
agent and a heat carrier, especially in the dgasification process, is more efficient than theojysis
with N2 for syngas production. Furthermore, 86 also potentially be more efficiently utilizenl N-

free syngas production than steam.

The kinetics and diffusional limitations of G@action might be significant at the reaction tenapure

of 750°C. These limitations caused the experiméD&iE of CO-O. gasification to be much less than
the equilibrium prediction. At the reaction temgara of 850°C and above, the kinetics and diffusion
limitations of CQ-reaction were less significant than those of &°Z5so that the experimental CGE

of CO-O; gasification was closer to the equilibrium preidict

Nomenclatures

Symbols

Co specific heat [J/g °C]

E energy (J/g-sample)

F flow rate [ml/min]

HHV higher heating value [J/g]

L latent heat of water evaporation [J/g]

LHV lower heating value [J/g or J/ml]

m mass [g]

T temperature°C]

t sampling time [minutes]

w weight fraction [dimensionless]
X volume fraction [dimensionless]
Y gas evolution rate [ml/min]

y gas vyield per sample weight [ml/g]
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Greek letters

a  stoichiometric of oxygen amount [g/@-wet biomass]
n efficiency (%)

Subscript

0 initial condition

b biomass

g gasifying agent

[ gas species

p producer gas

r targeted reaction condition
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Supplement Figure 2.2 Gas evolution profiles at the reaction temperature of 850°C under CO,:H,0

fractions of: (a) 0:0.6, (b) 0.3:0.3 and (c) 0.6:0 with the N, fraction of 0.4
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Chapter 111

Pilot scale downdr aft gasification of coconut shell with CO2-O2 mixture

3.1. Introduction

Despite of the investigated potentials of Qfasification, only few studies were found repajtthe
performance of C@gasification experimentally [1-3] and none wasnfdgperformed in the pilot-scale
gasifier. A preliminary pilot-scale experiment asjfication with CQ-O, mixture was performed by
Pettinau et.al [4], but no parametric study wasiedrout due to the difficulty of the process cohtr
Thus, the examination of the operability and perfance evaluation of C@asification using a pilot-

scale plant still remains an important issue.

This chapter presents the gasification performasfceoconut shell using a pilot-scale fixed bed
downdraft gasifier under various ¢@ow rates, 0.6 to 1.6 GZC ratios, with the presence of fixed
amount of @ with the equivalence ratio of around 0.4 — 0.6e Téactor temperature, the producer gas
composition and the energy yield were examinedvestigate the effect of the @O ratio and to find
the optimum value of the G{T ratio. The obtained results were also compargld those of air

gasification

3.2. Experimental
3.21. Material

Coconut shell obtained from local area of BanduMgst Java, Indonesia, was used as a biomass
feedstock. The sample was naturally dried for niloaa 24 hours and roughly ground to the size below
50 mm in the diameter. The ultimate and proximaia\sis results of the sample are shown in Table

3.1. The moisture content of the feedstock was+11110%

Table 3.1 Proximate and ultimate analysis results of coconut shell

Proximate analysis (%owi.)
Volatile matter 83.9
Fix carbon 13.3
Ash 2.8

Ultimate analysis (%owt?)

C 49.3
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3.2.2. Apparatus

A pilot scale downdraft gasification system wadizéd in this experiment. The total scheme of the
gasification system is shown in Fig. 3.1, while thetail drawing of the gasifier is shown in Fig.3.2
The gasification system consists of a downdrafifigasa gas supply system, a cyclone, a gas-cgolin
system, a tar-capturing system, and a suction blo8@40 kg of feedstock bunker with a stirrer is
attached to the gasifier. The gasifier has a thode#60 mm in diameter, covered by the castable
refractory cement for the inner layer with a sygate for the outer layer. Three K-type thermoceapl
are attached for monitoring the temperature intidereactor (hereafter called as T1-T3 points)aand
S-type thermocouple was attached for measuringribstucer gas temperature (hereafter called as Tgas
point) at the position of flow measurement. ThraBoe-type gas flow meters were used for measuring
the flow rate of supplied Osupplied CQor air and the generated producer gasar@ CQ (both are
99.5 vol.% purity) were supplied directly from gadinders and the flow rate was adjusted by the
cylinder valve opening. The air supply was adjusigdhe suction force of the blower. A GC-TCD
(Shimadzu GC 14B) equipped with two columns (Molacsieve and Porapack PlotQ) was used for

gas composition analysis.

3.2.3. Experimental procedure

The gasification tests were carried out in seméihaperation for 140 minutes. Each experimental run
consists of two periods: the preheating period #red measurement period. First, the gasifier was
preheated by partial combustion of the sample @i8hg/sec of air flow rate for 60 minutes. Ther, 10
17 kg of the feedstock was supplied to the gasdie the measurement period continued for about 70
minutes with the preset G, flow rate. The C@flow rate was varied from 3.6-9.2 g/sec that is
corresponding to the GAT ratio of 0.6 - 1.6. The Tlow rate was kept constant at 1.9 g/sec that is
corresponding to the equivalence ratio (E/R) otiatb0.4. CQC ratio and E/R were calculated based
on Egs.1 and 2, respectively. The detail of expenihconditions in the measurement period is present
in table 3.2.

CO, supply rate (mol/sec)

C in biomass (TZ—ZZ) X consumed biomass(g/sec)

C0, /C ratio =

(3.1)
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Equivalence ratio (E/R) =

5a

0, supply (mol)

3.2
0, for stochiometric combustion (mol) ( )
8
9
Water and
condensate
- 12

Water seal _|____\__/

1. Air inlet port

2. Gas cylinders

3. O: flow meter

4. CO:+0: or air flow meter
5. Gasifier

5a. Feedstock hoper
Sb. Bunker with stirrer
Sc. Reaction zone

6. Cyclone

7. Condenser

8. Water scrubber
9. Liquid collector
10. Suction blower

11. Producer gas flow meter
12. Thermometer

13. Gas sampling port

14. Burner

Figure 3.1 Scheme of the gasification system
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Figure 3.2 Detail of the gasifier (cm unit)
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The feedstock was refilled prior to the measurerpeniod to minimize the effect of the sample level
on the reaction system behavior. The stirrer atd@hthe feedstock bunker was used every ten ggnut
to ensure a proper feedstock distribution and dfiew- The temperatures in the attached
thermocouples were recorded at the interval ofriubais. Fig. 3.3 shows the typical data of tempegatu
measurements over time at the zones of T1, T2s&& Fig. 3.2 for the locations) and Tgas (No.12 in
Fig.3.1). Temperature increase was observed dthegretreatment period (first 60 minutes) attadl t
measurement points. Stable condition in this stuay defined when the temperature variance was less
than 3C/min. T1, which is highly affected by combustidiecame stable about 90 minutes after the
experiment had started. T2 and T3 (located atdhvel part of the gasifier) and Tgas became stable

earlier during the preheating period.
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Figure 3.3 Temperature evolution during the experimental runs

The producer gas flow rate was measured by arcefiftw meter at the same time with the temperature
measurement and the gas composition was analyzed@®@-TCD every 7 minutes of the €0O»
injection period. Fig. 3.4 shows the typical ddtthe gas composition and the flow rate measuresnent
over time for some experiment runs. For furtherysis, the average value of the temperature and the
gas data will be utilized and the fluctuation rangd be shown in the standard deviation bar.

Furthermore, the data shown in Fig.3.4 were thed ts calculate the gas evolution rate, the gdd,yie
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and eventually the cold gas efficiency. The gadutiom rate was calculated by multiplying the volim
percentage of the gas specy i (Xi ) with the instaeous producer gas flow rate (Fp [ml/sec]) at the
correlated timing and then changed the resultsassnbase [kg/sec] using the ideal gas law. The gas
yield (Yi [kg-gas/kg-dry biomass]) was calculatetarding to Eq. 3.3: dividing the sum of the pratdu

of the gas evolution rate and the time intervahef GC measurememnit{sec]) with the total mass of
the biomass consumed during the examination péniglkg]). The total biomass consumption during
the measurement period was quantified by weighmtha required feedstock amount for refilling the

bunker to the initial feedstock level just befdne theasurement period after the experiment.

Y; = ¥ Xi-F, - At/my, (3.3)

3.3. Resultsand Discussion

Despite of some fluctuations, stable operation utite CQ-O, atmosphere can be generally judged
from the relatively stable temperature and gas asmipn profile as shown in Figs.3.3 and 3.4 asg al

in the figures in supplement materials. Thus irs thhame of study, it can be stated that.@
gasification can be operated in the pilot scalerdiraft gasifier. However, highly fluctuated gasaflo
rate measurement was observed in most of the exgetiruns as shown in Figs.3.4 and in supplement
materials. The unsteady gas flow rate might noicateé the instability in the process but seemseto b
more caused by the alternated condition of theymwedgas orifice flow meter due to the tar blocking
during the experiment run. The constriction ofiodfhole increased the sensitivity of the orificeten

and lead to the inaccurate flow measurement. Torerethe calculated data involving the gas flow rat
i.e. the cold gas efficiency, can be used merefygf@litative analysis and not for investigating th

absolute value.

Table 3.2 shows the summary of experimental canmtand the measurement results. Mass balance
calculations were also performed based on thosefdaexamining the accuracy of the measurement
and calculation performed in this experiment. Takb@ shows the accumulated mass balance and
atomic mass flow balance of C, H, O, and N wheeeitiput was counted from the feedstock and gas
supply and the output was counted from the prodgasr Some signs of measurement inaccuracy were
observable in the accumulated mass balance of iexgrar Nos. 1, 2 and especially No.3 that showed
more output amount than the input. Further analygithe atomic mass flow balance shows that the
source of the inaccuracy of the experiment Noswdlawas partially came from C balance. Since the
possible source of C in this experiment only caromfthe supplied biomass and gasifying agent, these
inaccuracy could indicate the imprecise measureraettie producer gas flow rate. Therefore, the

guantitative efficiency analysis of run Nos. 1 @dere not taken into account. The source of mass
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balance inaccuracy of experiment No.2 came fromNthbalance. As also happen in all experiment

runs, the Mbalance showed more amounts in the output thereimput that indicated the unexpected

N2 entrainment to the system. The source of entrahets thought to be the air intake from the

feedstock hopper due to negative pressure becau@ewas detected in producer gas as shown in table

3.2. Since the entrained air that can act as aiti@ual gasifying agent, the equivalence ratio (E/R

were recalculated by adding the additionaffOm air based on the detecteglddnount in the producer

gas. However, since the:ldmount calculation was involving the gas flow naeasurement, it should

be noted that the air adjusted E/R shown in Taldev@re merely approximated values
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Figure 3.4 Producer gas evolution during the experimental runs

The accumulated mass balance of other run show?8-n7ass loss. As also indicated in the atomic
mass flow balance of C and H, the loss can be mqadrom the unmeasured amount of those material
in tar, condensed matter, ash bounded solid resaduemight also come from gas leakage. Related to
solid residue, many researches [5-7] showed thainjection of CQ to the direct gasifier will be

resulted in the higher carbon conversion than dhan O.+inert atmosphere. However regarding tar
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content, the effect of COnjection may vary from positive to negative degp@m the utilized sample.
Some researcher found that £€an decompose tarry compound [5], but the otheuad that CQ@
might inhibit the tar decomposition [6, 7]. Thedywof tar behavior under G@tmosphere still hardly

performed with obtained the data in this experina will be our foccus in the near future.

3.3.1. Effect of the CO2/C ratio on thereactor temperature

Fig. 3.5 shows the effect of the @O ratio on the reactor temperature in the measemémones of T1,

T2 and T3. CQ@C ratio was calculated as the ratio of the madevfof CQ supplied to the mole flow

of carbon in the consumed biomass. Analysis of tgatpre in all measurement zones was performed
after 90 minutes to avoid the disturbance of thadient phase at the early period of,&1 injection.

The increase of the CT ratio generally decreased the temperature afffiis. implies the delay of
combustion due to the effect of €@ilution on Q. The recorded T1 temperatures under the/CO
ratio of 0.9 and below were higher than those afeurair combustion while the T1 temperatures under
the CQJ/C ratio of 1.2 and above were around the samdamgl than those of under air combustion,

respectively.

The high temperature under low CO2/C values caexXpdained by a higher fraction of O2 in the
gasifying agent (0.012-0.013 kmol/m3) than thatirofair (0.009 kmol/m3). The high O2 fraction
enhanced the combustion under those range of gé&iom to occur at the closer distance to the gas
inlet port than the combustion in air gasificatidihis condition might be beneficial for enhancihg t
endothermic reactions since they can be triggeretbser position to the gas inlet port and evehtua

had longer effective residence time in the reactor.

On the other hand, the T1 temperatures during dsdigation tests with C&C=1.2 were just around
the temperature range of two air gasification rdespite the higher Oraction (0.010 kmol/m3). The
T1 temperatures during the gasification tests Wi@/C=1.6 were lower than the temperature in air
gasification runs despite the comparabjlefri@ction. Those implied the progress of &har (Eq.3.4)
reaction which is an endothermic reaction. Thedombustion rate of Qunder CQdilution compared

to those of air might also play an important rdlbee low aggressiveness of @ the CQ-O, mixture
which is related to the low diffusivity of Qunder CQ dilution compared to those of;@nder N

dilution has also been intensively reported indkg-fuel combustion researches [8, 9].
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Table 3.2 Parameter settings, biomass consumption and gas measurement results

cun Ggsifyin? agent Biomasg corc Ent;ziarined - .Producer gas
o, ow (g/sec) consEmpnon " atio adjusted Composition (vol.%) Flow
Ar 0. CO (kg) E/R . Co Ch Cco N, (Nmisec)
1 6.8 - - 13.4 - 0.39 0.53 6.14 2322 144 563 243. 8784.80
2 6.8 - - 14.4 - 0.36 0.55 553 2143 114 4.66 2®%7. 8510.89
3 - 19 36 14.0 0.6 0.38 0.74 8.76 34.38 190 95.B9.90 9257.85
4 - 19 56 15.2 0.8 0.35 0.59 10.85 33.97 1.62 877.35.46 7190.78
5 - 19 56 14.0 0.9 0.38 - - - - - - 9741.57
6 - 19 82 16.0 1.2 0.34 0.59 3.73 34.28 2.00 26.34.60 8368.83
7 - 19 9.2 16.2 1.6 0.33 0.61 3.66 31.25 1.40 (B0.B2.97 9921.13
Table 3.3 The accumulated mass balance and the atomic mass flow balance of C, H, O, and N
Accumulated mass balance (kg) Atomic mass flow balance (g/sec)
Run In Out H O N
No: Gasifying Feedstock  Sum Producer Loss In  Out A In  Out A In Out A In Out A
agent gas
1 2527 14.38 39.65 41.71 206 136 1.44 -0.08 0.19 0.07 0.12 296 219 0.76 934. 6.22 -1.29
2 25.27 15.45 40.72 43.67 295 146 1.34 0.12 0.21 0.06 0.14 3.07 202 1.05 64.96.97 -2.02
3 19.05 15.03 34.07 46.96 -12.89 2.24 2.48 -0.23 0.20 0.10 0.10 5.34 417 1.17 330. 443 -4.10
4 24.83 16.31 41.14 38.13 3.01 274 210 0.64 0.22 0.09 0.13 6.48 3.65 2.83 60.33.25 -2.89
5 24.83 15.03 39.85 ) ) 2.62 - 020 - - 6.34 - - 0.33 - -
6 35.26 17.17 52.44 49.09 335 350 280 0.71 0.23 0.06 0.17 8.38 5.16 3.22 80.33.67 -3.29
7 44.97 17.39 62.36 60.38 198 4.15 352 0.64 0.23 0.06 0.17 10.08 6.82 3.26 0.38 3.98 -3.60
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Figure 3.5 The effect of CO,/C ratio on the reactor temperature at T1, T2 and T3 points

In the measurement zone of T2, the increase o€@¥C ratio from 0.6 to 0.9 resulted in the reactor
temperature increase. Combined with the temperahnafde in the T1 zone, it can be implied that the
increase of the CAXC ratio in this range delayed the occurrence effilime front from around the T1

zone to the T2 zone. Further €O ratio increase to 1.6 monotonically decreases réactor
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temperature. The T2 temperatures under theC@atio of 1.2 and below were higher than those of
under air gasification. It implied that the flanterit under those range of @jection was closer to
the gasifying agent inlet than the flame frontimgasification.

Compared with T1 and T2 zones, a stable temperptofée against the gasifying agent composition
was observed in the T3 zone. The flame front uatléested conditions seems to be located upstream
of the T3 zone and resulted in the similar measteagerature in the T3 zone. In general, compared
with that of air gasification, the temperature peobf CO,-O> gasification with the C&C ratio of 1.2

and below indicated the occurrence of the longuamtbrmly distributed high temperature zone in the
reactor. This condition might be favorable foristisg gasification reactions that are mostly the

endothermic to occur in the higher extent.

3.3.2. Effect of the CO2/C ratio on the producer gas composition

Fig.3.6 shows the effect of the @O ratio on the producer gas composition. Saméeasemperature
analysis, the analysis of gas composition was padd after 90 minutes to avoid the transient phase
disturbance. In general, the increase of the ditugiffect of unreacted G@vas observed as the @O
ratio increased and resulted in the suppressiathef gas fraction in the producer gas. Moreovés, i
observable that the overall decrease of the CQidrawas less significant than the increase ofGe
fraction as the C@C ratio increased. It implied the progress of@®CO conversion that might be
occurred mainly through Egs.3.4 and 3.5 and thersevof Eq.3.6. The Hfraction was slightly
increased as the GAT ratio increased from 0.6 to 0.8 and then sigaiitly suppressed under the 8O

ratio increase over 0.8.
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Figure 3.6 The effect of CO,/C ratio on the producer gas composition
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The H fraction increase as the @O ratio increased from 0.6 to 0.8 might be reldtethe delayed
occurrence of the high temperature zone in thaseédiscussed in previous section) which is thaneef
lessened the extent of the reverse water gasrehiftion (the reverse of Eq.3.6). The lessenedexte
of the reverse water gas shift reaction also mae&O fraction decrease as thg/C ratio increase at
this range was more significant than those as tgratio increase at the other range. In additon t
the dilution effect, the suppressed firhction under the C£C ratio of 0.8 and above might be related
to the decrease of the reactor temperature by @eirection over that range which subsequently
suppressed thejHevolution through devolatilization. The Glfraction is trivially affected by CO
injection since the contradictory effect of the parature on the C+evolution through devolatilization

and the dry reforming (Eqg. 5) might occur simulizusy

C+CO— 2CO (3.4)
Hz + COxo CO + HO (3.5)
CoiHm+n CQ— m/2 b+ 2n CO (3.6)

3.3.3. Effect of the CO2/C ratio on the gasifier performance

Fig.3.7 shows the effect of the @O ratio on the lower heating value (LHV) and thgCO ratio of
the producer gas. LHV and the/BO ratio are the important parameters for judgimgquality of the
producer gas which determine its suitable util@atiThe increase of the GAG ratio decreased the
producer gas LHV. This was related to the increasmemunt of unreacted GQhat diluted the
combustible gases. However, the producer gas @at&nCQ-O; gasification had a higher LHV, 4.6—
5.8 MJ/Nnf, than those obtained in air gasification, 3.58BNn?. The removal of blby the oxidizer
change from air to s one of the reason. In addition, the enhancegt@OO conversion as G@vas
introduced into the gasifier might also play importrole indicated by the higher producer gas LHV o
C0O,-0; gasification than that of air gasification at dmnparable amount of. @iluent in the gasifying

agent (at C@C=1.6). This occurrence also agreed the findinthefprevious research [26].

As previously discussed, the measured gas compsith CQ-O, experiments were containing N
from air leakage due to the insufficient sealingtlod gasification system. However, BMould be
expected to be absent in the ideak@ gasification since air is not involved in any pafrthe process.
Analysis of the effect of the GAT ratio on the expected:Nree LHV is also shown in Fig.3.8. The N
free LHV were roughly 1.5 times higher than thathwil, presence, 6.9-9.3 MJ/Nm
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Figure 3.7 The effect of CO,/C ratio on the producer gas LHV and H,/CO ratio

CO»-0O;, gasification did not bring significant improvemeoit the H/CO ratio compared with air
gasification. The HCO ratio of the producer gas of the experimenhie CQ/C ratio equals to and
below 0.8 were just about same as the value dfasification. Related to the low;Hvolution, the
CO,/C ratio equals to and above 1.2 produced the perdgas with a lower #CO ratio than that of
air gasification. Hence, the utilization the produgas seems more suitable as a fuel gas in héat a
power generation than for the feed gas of the otenproduct synthesis which in most case requires
higher H/CO ratio over 1.
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Figure 3.8 Cold gas efficiency of the air gasification and the CO,-0, gasification
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2 ) * 1 i)
Cold gas ef ficiency (CGE) = dry biomass g

MJ
LHVdry biomass (1(&’7)

x100%  (3.7)

Fig.3.8 shows the cold gas efficiency (CGE) of divegasification and the GED. gasification under
the various C@C ratio. CGE was calculated as a ratio of theggneutput of the producer to the lower
heating value of dry biomass (Eq.3.7). 8O gasification under the examined €O range
demonstrated higher cold gas efficiency than asifigation that might be correlated to the enhanced
CO evolution. This finding shows that the implenagioin of CQ-O, gasification is promising for
realizing a high efficiency heat and power generagiystem. However, the significant effect of LD
ratio on the efficiency profile is still unclear.dveover as previously notified, the shown CGE walue
can be used merely for qualitative analysis andfarinvestigating the absolute value. Thus, furthe
examination with more accurate gas flow measurensergquired for more precisely examining the
effect of CQ injection on the CGE.

3.4. Conclusion
The operability and the effect of the €O ratio in CQ-O, gasification has been examined in this
experimental campaign. G@. gasification was stably operated in a pilot scide/ndraft gasifier

under 0.6 - 1.6 C&XC ratios with the equivalence ratio of around 0.8-

Related to the £xoncentration in the gasifying agent mixture, nodshe recorded temperatures under
the CQJ/C ratio of 0.6 and 0.9 were higher than those rafen air gasification while the recorded
temperatures under the @O ratio of 1.2 and 1.6 were mostly comparable withse under air
gasification. Compared with that of air gasificatithe temperature profile of GQ, gasification with
the CQJ/C ratio of 1.2 and below indicated the occurreotthe long and uniformly distributed high

temperature zone in the reactor that might be blerfor the progress of endothermic reactions.

The dilution effect of unreacted G@as increased as the @O ratio increased and suppressed the
other gases fraction in producer gas. The decrefatiee CO fraction was less significant than the

increase of the CQraction that implied the progress of € CO conversion.

Owing to the increase of the dilution by unreagiedion of CQ, the producer gas LHV was decreased
by the increase of the GAT ratio. Nevertheless, the producer gas of-O@gasification still had higher
LHV than those of air gasification even at the canaple amount of &diluent in the gasifying agent.
C0,-O; gasification did not bring significant improvemeoit the H/CO ratio compared with air

gasification. It implied the suitability of the racer gas for heat and power generation.
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No significant effect of the C4C ratio was observed on the cold gas efficiencythef gasifier.
However, the cold gas efficiencies of €0, gasification were consistently higher than thokaio
gasification at the examined @Q ratio range. These finding show that the impletaion of CGQ-O,
gasification is promising in replacing the conventl air gasification for a high efficiency headan

power generation system.

References

[1] L Garcia, M.L Salvador, J Arauzo, R Bilbao, £65 a gasifying agent for gas production from
pine sawdust at low temperatures using a Ni/Al eojmitated catalyst, Fuel Processing
Technology, Volume 69, Issue 2, February 2001, a§&-174

[2] Karel Svoboda, Michael Polaly, Michal Jeremias, Petra Kamenikova, Miloslavthhan, Siarhei
Skoblja, Michal Syc, Fluidized bed gasificatiorcofil—oil and coal-water—oil slurries by oxygen—
steam and oxygen—-G@nixtures, Fuel Processing Technology, Volume 9ayd1 2012, Pages
16-26

[3] Bayu Prabowo, Kentaro Umeki, Mi Yan, Masato R. Nakea, Marco J. Castaldi, Kunio
Yoshikawa, C@-steam mixture for direct and indirect gasificatmrice straw in a downdraft
gasifier: Laboratory-scale experiments and perfoigagrediction, Applied Energy, Volume 113,
January 2014, Pages 670-679

[4] Alberto Pettinau, Caterina Frau, Francesca Feri@esformance assessment of a fixed-bed
gasification pilot plant for combined power genenatand hydrogen production, Fuel Processing
Technology, Volume 92, Issue 10, October 2011, £#4§46-1953

[5] Toshiaki Hanaoka, Kinya Sakanishi, Yukihiko OkumuFae effect of N2/CO2/02 content and
pressure on characteristics and CO2 gasificationavier of biomass-derived char, Fuel
Processing Technology, Volume 104, December 204@e$287-294

[6] M. Pohgely, M. Jeremia$, K. Svoboda, P. Kamenikova, SbikoZ. Beio, CO2 as moderator
for biomass gasification, Fuel, Volume 117, ParB8 January 2014, Pages 198-205

[7] M. Pohdely, M. Jeremia$, K. Svoboda, P. Kamenikov4, SbikoZ. Baio, CO2 as moderator
for biomass gasification, Fuel, Volume 117, ParB8 January 2014, Pages 198-205

[8] J. Riaza, M.V. Gil, L. Alvarez, C. Pevida, J.J.,fis Rubiera, Oxy-fuel combustion of coal and
biomass blends, Energy, Volume 41, Issue 1, Mayp 2Bages 429-435

[9] Terry Wall, Yinghui Liu, Chris Spero, Liza ElliottSameer Khare, Renu Rathnam, Farida
Zeenathal, Behdad Moghtaderi, Bart Buhre, Changd&®meng, Raj Gupta, Toshihiko Yamada,
Keiji Makino, Jianglong Yu, An overview on oxyfuebal combustion—State of the art research
and technology development, Chemical EngineeringeReh and Design, Volume 87, Issue 8,
August 2009, Pages 1003-1016

54



Supplement Material

e H2 A CO 0O CH4 X CO2 e Gas flow

70 12000
Run1l
60 - L 10000
50 - /N\—/"
£ L 8000 5
g 40 9
B - 6000 F
g 30 - 2
£ A A A A A I 3
S 20 - A A A L, A 4000 2
(%] [7]
] ]
° 10 - 2000 ©
“ g @ e 2 e 4w &
0 n o o * n o o n 0 Do
70 80 90 100 110 120 130 140

Time (min)

Supplement Figure 3.1 Producer gas evolution during the experimental run 1

 H2 A CO O CH4 X C(CO2 emmmmmGasflow

70
- 12000
60 - Run 2
~ 10000
—~ 50
g SOOOE
S 40 - i =
= £
7] L 2
8 3 60002
:
S 20 - A A 3 4000‘%
8 (U]
10 | - 2000
® 2
0 : : — —0— 0
70 80 90 100 110 120 130 140
Time (min)

Supplement Figure 3.2 Producer gas evolution during the experimental run 2



e H2 A CO CH4 X CO2 == Gas flow

70 700
Run 4
60 - 600
— 50 - - 500 E
B3 £
c =
S 40 - A N L 400 2
- L =
£ 30 » A 300 2
(] X o
8 20 X X - 200
© % X X X
0, ® e e o e ¢ © 100
[ ] ° o ?
0 : : ‘ : : ‘ Ho
70 80 90 100 110 120 130 140
Time (min)

Supplement Figure 3.3 Producer gas evolution during the experimental run 4

70 12000

60 1 /\ V\ - 10000

Run 7 N\

. 50 -
< - 8000 o
~ Q
§ 4 4 X <
E= 4 A A A XK 6000 E
] 1 b's 2
g 30 X N
£ X X A 3
s x 4000 2
8 | A 2
8 G
(U]

10 | - 2000

°

°
0 N B f o &0 e
70 80 9 100 110 120 130 140

Time (min)

Supplement Figure 3.4 Producer gas evolution during the experimental run 6



Chapter |V

CO:2 recycled biomass gasification system for high efficiency and carbon-

negative power generation

4.1 Introduction

Despite the previously investigated potential of.@@be utilized as gasifying agent, only limitecwher

of research works examined the comprehensive systeluding the C® supply [1-3] and all were
performed for coal feedstock. Oki [3] recently istigated the C@recycle in the pressurized coal oxy-
IGCC and successfully proposed a system with nmuae 80 % efficiency even after @®equestration.
Based on that finding, a biomass based f&0ycled gasification system was developed. Sfiogation is
proposed by doing the atmospheric gasification ggs@nd by deleting the steam turbine component and
optimizing the utilization of hot gas turbine flgas asa heat carrier as well as a gasifying agent. This
simplification might be required since in some sasemall and distributed conversion is designated f

processing biomass

In this chapter, the performance of the power systéth CQ recycling to a gasifier and the gas turbine
cycle was analyzed using the thermal equilibriundetovalidation and model adjustment were performed
for the gasifier component by comparing the sinmahatesults with the results of the previous chapfiéh
comparable conditions. The analysis and optiminadifcthe performance of the system as a functigdhef
amount of the recycled GQo the gasifier under various conditions were cmbeld. The gasifier
temperature was varied from 780to 950C, and the turbine inlet and exit temperature efdhs turbine
were varied from 100C to 1200C and 900C to 1000C, respectively. The comparison of the efficiency
and CQ emission to those of the conventional air gadificewas also performed.

4.2 Process modelling methodology

Fig.4.1 shows the scheme of the proposedi@€ycled gasification system. Aspen Plus softwauilized
for developing the system and simulating its penfance. The processes simulation was done basée on t
mass and energy balance and chemical equilibriurichwivere performed under these following

assumptions:
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» Chemical reactions reached the equilibrium conditi&inetic and physical limitations are
neglected.

» All gases are following the ideal gas properties.

* No pressure and temperature drop inside the cormp®mad during the transportation between
components

The basic parameters of the involved componente setras follow:

ComP2

EXPANDER

Sy

GASIFIER X SPLIT2

02HOT

16

SPLIT1

Figure 4.1 Scheme of the CO, recycled gasification system

421 Material and streams

Coconut shell sample utilized in the previous ceapias used as a biomass feedstock model (BIOnstrea
with the moisture content adjusted to 10 %. Altred material and stream from the outside of proeese
in ambient condition (Z&, 1 atm.). The streams in the process were imttmespheric pressure and the
possible lowest temperature was@(after COOLER block). The feed rate was fixedl@® kg/hr to

simulate the small and distributed power generatigtem.

422 Gadfier

Gasifier component was simulated using the RGikhstor model. Syngas composition; consisted of C
residue, H,CO, CQ, H0, Ny, O;, NO, NQ, benzene, toluene, and phenol; and the temperateire
calculated based on the minimization of the Giblee fenergy. Prior to the gasifier, a block for
decomposition (DECOM block) is required when we bigsnass as a feedstock since biomass is a non-
conventional component in Aspen Plus. Decomposititnitk was simulated using RYield where the
feedstock is converted into its components inclgdiarbon, H, O;, H>O, and N. The yield distribution
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was specified based on the feedstock’s ultimatéysisausing a FORTRAN statement in Calculator block
The elements and heat generated from decompopitimess were then go into the gasifier block. Oryge
supply to the gasifier was set as a dependentblaria maintain the gasifier at the target tempeegat750-

950C, by setting the design specification and the paated variable limit in Design Spec block.

423 Gasturbine

The gas turbine was simulated as an arrangementofpressor, a combustor, a turbine/expanderaand
heat exchanger. The parameter setting of each amenp@s shown in Table 4.1. The combustor was also
simulated using RGibbs, so that the combustionymrtsdwere calculated based on the minimizatiohef t
Gibbs free energy. Oxygen supply to combustor \pasifed to be in the exact amount for stoichiormsetr
combustion of producer gas by specifying anotheRFRAN statement in Calculator block. For the
purpose of maintaining combustor at the targetedpé&zature (100€-1200C), CQ supply to the
compressor as a producer gas diluent was set apamdent variable and manipulated by using Design
Spec block specification Since there is no heat lileshe system, the turbine inlet temperature Y Was
assumed to be the same as the combustor temperkturaéhe purpose of maintaining turbine exit
temperature (TET) at the targeted temperature’®@aD00C), pressure ratio of the compressors were set

as a dependent variable and manipulated by usioip@nDesign Spec block specification.

Table 4.1 Gas turbine parameter setting

Component Parameter Basic setting
Compressor Isentropic efficiency 72 %
Turbine/Expander Inlet temperature 1000C - 1200C

Exit temperature 900C - 1000C
Isentropic efficiency 80%
Heat exchanger Minimum temperature approach 20 °C

424 Other auxiliary components

The other installed auxiliary components are twat lexchangers (HX2 and HX3), an oxygen compressor
(COMP2), a cyclone (CYCLONE), a gas cooler (COOLER)liquid separator (SEP), a gas mixer
(MIXER), and two gas splitters (SPLIT1 and SPLITRhe parameter setting of heat exchangers and the
compressor were the same as those that were attarctiee gas turbine. The cyclone and liquid sepasa
separated all of ash and liquid from the produesrgiream, respectively. The gas cooler outlet éeatpre
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was set to 4. In order to simplify the system, the air segaratinit was not simulated and the oxygen
supply is assumed to come independently from thgidri of the system (i.e. oxygen tank or cylinders)

The energy requirement of oxygen supply, 0.576kd/ was taken from the reference [7].

4.3 Result and discussion

4.3.1 Description of CO; recycled gasification system

As shown in Fig.4.1, the main improvement of the,@€xycled gasification system compared to the
conventional air blown gasification system [8] &ne recycle of high temperature flue gas from tas g
turbine, which mainly consisted of GQo the gasifier (stream 16) and to the gas terbircle (stream 15).
To the gasifier, the recycled G@as aimed to be the heat carrier and the additgasifying agent. The
Bouduard's reaction (Eg.4.1) and the reverse wgdsrshift reaction (Eq.4.2) were expected to be the
dominant reactions in the gasifier so that the pced CO and the unconverted Ofbuld be the major
composition in the producer gas (stream 2). Taytseturbine cycle, the recycled £@as aimed to be the
producer gas diluent for controlling the turbinketriemperature (TIT). Combustion of the dilutedgucer
gas with oxygen would exhaust high concentratioB®©f, over than 98% mass, and small amount of water
vapor so it can be recycled in the next proceskedgtream 12). The un-recycled part of the flug\gauld

go to the C@sequestration. Since one of the main objectivhisfstudy is to find the optimum amount of
recycled CQto the gasifier and since G@cycled to the gas turbine cycle is a dependatidble of TIT,

the term of the Ce&recycle ratio used hereafter in this manuscriptfisr to the amount of recycled €

the gasifier relative to the amount of carbon ioniss in one process cycle, as shown in Eq. 4hBeeT
heat exchangers were attached for recovering theftem the recycled part of the flue gas to thrbine
cycle (HX1) and from the producer gas (HX2 and HX3)

C+CQ— 2CO AH=171.1 kd/mol (4.1)
CO +HO— CO + Hy AH = -41.1 kd/mol (4.2)
C02 recycle ratio = CO, recycled to gasifier (mol) ( 3)

C in biomass (mol/kgp)X my (kgp)

CQOzinlet (stream CO2IN) was installed for supplyin@£at the initial stage. The inlet will be latter st
during the process cycle since the system is netgé@erating so that the supplied 8@uld be sustained

in the cycle. However during the operation cychethis study, since the utilized simulation modahreot
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accommodate the change of the operating mode, @aentet tube was continuously operated to supply
the producer gas diluent instead of splitting safhe flue gas back to the system by activatinglB2
block. Therefore, the net Gutput was calculated as a difference betweenCie output (stream
CO20UT) and the C&nput (stream CO2IN).
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Figure 4.2 Comparison of the producer gas composition obtained from simulation and experiment

The validation analysis of this system was perfarimethe gasifier component by comparing the result
of the simulation with the experiment results shawrmchapter Ill. E/R was assumed to be fixed at 0.4
Fig.4.2 shows the comparison of the producer gasposition obtained in the simulation and the
experiment. Compared with the experimental resutiderestimation of CO along with overestimation of
H. and CQ were observed in the simulation results. It ingblibat the water gas shift reaction (Eq.4.2)
occurred in the experiment might be more thanwlzat predicted in the simulation. The gas phasdiogac

in the freeboard seems to be significant in theexaeriment. A slight underestimation of the Gkaction
was also shown by the simulation implying that teactions in the real experiment was not perfectly
reached the equilibrium. The root mean square (REI®)r between the simulation result and the

experimental results was found as big as 6.045.

The gasifier model adjustment was performed byitrggome part of CH4 as an inert gas from thefigasi
and adding a water gas shift reactor block (WG8R)mulate the freeboard reaction. The modifiedfigas
model configuration is shown in Fig.4.3. A constgield of CH; was adjusted for every experimental run
since previous researchers found that Geherated from devolatilization is very stable hadlly affected
by the secondary reaction [9, 10]. This £#fream (stream 2B) then directly went to finakam of

producer gas (stream 2D) after separated in SERk.BWVGSR block was attached for accommodating the
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extension of the water gas shift reaction. Theutaton was performed under the equilibrium modighw
an equilibrium constant adjustmefi},s, , and parameters setting as suggested in the psevesearch
[9], shown in Eq. 4.4f,,4 , empirically derived from the experiment resuitsthe correction factor of
the equilibrium constant to accommodate the denafrom the equilibrium condition. WGSR block
calculation was performed with the CSTR model bloglpreviously adjusting the equilibrium constant i
Reactions block specification in Aspen Plus. Théinaigation of CH yield andf, 4, to obtain the
minimum RMS error from the experimental result819, were found to be -8 kg/kg-biomass and 10,
respectively. The comparison of the producer gagposition obtained in the modified simulation dnel
experiment is shown in Fig.4.4. The modified modete utilized hereafter in this manuscript, however

we found that it gave a very similar results to plaee equilibrium model for the system analysis.

GASIFIER /M

Figure 4.3 Scheme of the modified gasifier model configuration
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Figure 4.4 Comparison of the producer gas composition obtained from the modified simulation and
the experiment

62



MMa2C0s . f oo (0.029exp (*7))  (4.4)

YH,0Yco T

43.2 Effect of the CO; recycle ratio on the operating variable and the thermal efficiency of the

system at various gasifier temperature

Fig.4.5 shows the effect of the €&cycle ratio on the required equivalence ratiiRjEo maintain the
gasifier at the target temperature of 750, 850 @6@IC. In the first part of this study, the turbindet
temperature (TIT) was kept at 1000°C while the ingtexit temperature (TET) was kept at 900 °C. B/R
defined as the mole ratio of the supplied oxygethéorequired oxygen for the stoichiometric comiourst

of the feedstock (Eq.4.5). The increased portiothefrecycled C@supplied into the gasifier generally
resulted in a higher required E/R at the gasiéergerature of 85C and above. It implied that the existence
of CO; increased the heat demand in the gasifier sathieahigher extent of the feedstock oxidation was
required to provide the heat for maintaining thrgeéatemperature. At 950, where the increase is the most
significant, the E/R increase was mainly causethbylower temperature of GQupply (900C) than the
target so that it acted as a heat recipient. At@5@here the increase was less significant tharatt260C,

the E/R increase might be caused by the increasendfthermic reactions extent since the supply
temperature is higher than the target temperafudecreasing trend was observed at’C=nce the heat
carried by the recycled GQvas more than the heat demand to maintain thettéemperature especially
at the high CQrecycle ratio.

Equivalence ratio (E/R) = 0z supply (mol) (4.5)

0, for stochiometric combustion (mol)

Fig.4.6 shows the effect of the €€@cycle ratio on each producer gas specie atabifier temperature of
750, 850 and 95Q. At all gasifer temperatures, the increase of G8 abserved together with the decrease
of H, and CQ as the C®@recycle ratio increased. The temperature playsaséive role on the significance
of those trends. These implied that the Bouduasdistion (Eq.4.1) and the reverse water gas saifttion
(Eq.4.2) were the main reactions occurred in tteifiga and they were enhanced by the increase of CO
injection into the gasifier and the setting of thmperature. The yield of Givas fixed at -8 kg/kg-biomass
while the other gas species were minor under taenamed condition.
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Figure 4.5 Effect of CO; recycle ratio on the required equivalence ratio at various gasifier temperatures

Fig.4.7 shows the gasifier efficiency and the gabihe efficiency of the COrecycled gasification as a
function of the CQ@ recycle ratio under the various gasifier tempegatetting. The efficiency of the
gasifier is evaluated by the cold gas efficiencEE} and it is calculated as the low heating valid\{)
based ratio of the energy of the producer gas lamé@nergy of the biomass supplied in one proceds cy
as shown in Eg.4.60 is the mass flow rate whije subscript refer to producer gas dngubscript refer to
biomass. The term of the gasifier efficiency iedisn this paper to clearly distinguish it from thier
term of the efficiency, i.e. the turbine efficierayd the system efficiency. The &@cycle ratio positively
affected the gasifier efficiency at 7&0and 85QC, with the more significant increase shown at thedr
temperature. At the gasifier temperature of ‘T5Q@he gasifier efficiency increase as CO2 recyat®
increased was strongly correlated with the redd&&1 While at the gasifier temperature of 850 the
gasifier efficiency increase implied that the proglugas energy increased due to the enhancemérg of
Bouduard's and water gas shift reactions by integuy CQ into the gasifier was more than the producer
gas energy reduced by the increase of the oxidizet of the feedstock. As previously explained, the
increase of the C{recycle ratio required higher extent of the feedstoxidation, indicated by E/R, for
maintaining the gasifier temperature. A higheeekbf the feedstock oxidation on the other haddeed
the portion of the feedstock to be converted tgtioglucer gas and resulted in a low energy yiet@58C,

the CQ recycle ratio trivially affected the gasifier efftncy which indicated the balance between the
energy increases due to the progress of iB@lved reactions and the energy decrease dieteduced

feedstock for the producer gas precursor.
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Figure 4.6 Effect of the CO; recycle ratio on the producer gas yield at various gasifier temperatures

The gas turbine efficiency is calculated as thorat the net of the work produced by the gas tebi
(subtraction of the turbine work/;, and the compressor work for the producerigias) and LHV based
energy of the producer gas, as shown in Eq.4.8hawn in Fig.4.7, the gas turbine efficiency apakifier
temperatures remained constant under the r€€ycle ratio below 0.8 and then significantly ased as
the CQ recycle ratio was increased. The decrease waedelathe significant reduction of the exchanged

heat from the flue gas recycled to the turbineeystream 13) to the compressed gas (stream 9) thiben
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recycled portion of flue gas to the gasifier (stneb6) increased over the @cycle ratio of 0.8. Under
the CQ recycle ratio below 0.8, the minimum temperatuppraach (the pinch temperature) applied
between the hot inlet (flue gas, stream 13) anccthe outlet (compressed gas, stream 10) tempesatur
which allowed a maximum heat transfer to the ctlelasn. Meanwhile under the G@cycle ratio of 0.8
and above, the minimum temperature approach agpiedeen the hot outlet (stream 14) and the cddd in
(stream 9) temperatures. The temperature settitigeafasifier slightly increased the gas turbirieiehcy

under the C@recycle ratio of 0.8 and below since the prodgaeses produced in high temperature had
low energy content, indicated by the low gasifificeencies.

M] .
LHV, <@>x rhy, (kgp)

Gasifier efficiency (%) = T (4.6)
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Figure 4.7 Effect of the CO; recycle ratio on the gasifier efficiency and the gas turbine efficiency at
various gasifier temperatures

Fig.4.8 shows the overall efficiency of the ¥@cycled gasification system as a function ofGk® recycle

ratio under the various gasifier temperature sgt#s shown in Eq.4.8, the system efficiency icakited
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as the ratio of the net of the work produced by fas turbine (including the work of the; O
compressol; p,) and the energies of the supplied biomass andupplying Q (multiplication of Q
energy costEy, ,0.576 MJkgo,,with the mass flow rate of Om,,). The combination of the increase of
the gasifier efficiency, the relatively constanergy for providing @ and the decrease of the gas turbine
efficiency as the Cgrecycle ratio increase, resulted in a peak obttstem efficiency (34.78 %) under the
CO; recycle ratio of 0.8 and the gasifier temperanfr@50C. Similar trend with the lower values than
those of at the gasifier temperature of ‘To@as observed at the gasifier temperature of@B%6th the
peak of the system efficiency of 34.11 %. Meanwhiklated to the low and trivial profile of thesgaer
efficiency against the CQOecycle ratio, the system efficiency at 9586howed a low value compared with
those at the lower temperatures and they werennmased as the G@ecycle ratio increased.
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Figure 4.8 Effect of the CO, recycle ratio on the overall system efficiency at various gasifier
temperatures
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From the thermal equilibrium analysis of this Z4@&cycled gasification system, gasifier temperatisrow

as 750C was essential since ¢@cycle at this condition produced some signifiqaositive trend of the
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system efficiency. However a problem might occanfrthe kinetic limitation of the C&char reaction that
is highly endothermic and slow. Our previous resle@m Chapter Il indicated that 780might be too low
for expecting the optimum performance of £gasification. Other research also shown that gsttés
required to have the C@asification performance close to the equilibripmadiction at 75 [11]. Hence
in this first part of study, 850 gasifier temperature with 0.7 G@cycle ratio might be the most optimum
condition for operating the G@ecycled gasification system.

4.3.3 Effect of theCO,recycleratio on operating variablesand thethermal efficiency of the system
at variousturbineinlet temperatures

Further study of the Cf0ecycled gasification performance was then peréativy examining the efficiency
of the system with higher applied turbine inlet pamature (TIT) micro gas turbines, 1100 and 1200
These type of turbines have been developed usihg Biaterial over the past decades [4,5]. Higher TIT
allow the turbine cycle to have higher pressurmrat certain applied TET that in some extent \wél
resulted in higher turbine efficiency. Higher TIlB@accept the turbine cycle to have higher appligd

so that the heat and material recovery by recydlifg to the gasifier might become more advantageous.
Performance optimization of the system was themgoted by varying the applied TET in the range of
900°C -1000°C and the applied TIT in the range of 10301200°C with the increments of 5€ and 100

°C, respectively. 85C gasifier temperature was set as the basic conditr the hereafter examinations.
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Figure 4.9 Effect of the CO; recycle ratio on the gasifier efficiency with the various TET
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Fig. 4.9 showed the effect of G@ecycle ratio on the gasifier temperature at wesioET, regardless the
applied TIT. Related to the more significant regiply to gasifier and the enhanced.@CO conversion
especially through the Bouduard’'s reaction (Eq,4thy gasifier efficiency were more significantly
increased by the GQ@ecycle ratio increase in the systems with thadigpplied TET. However, as shwon
in Fig. 4.10, the increase of gasifier efficiengyificreasing applied TET were not in all conditioesulted

in the higher efficiency of the system, particufar the system with applied TIT of 1100 and below.
With the applied TIT of 1000C, although the more significant effect of £@cycle ratio was observed
in the system with higher TET, low system effidi&s was shown by the system with the applied TET o
950C compared to those of with the applied TET of “@0With the applied TIT of 1100C, the
comparable yield of efficiency were produced by slstem with the applied TET of 950 and 100@s
the CQ recycle ratio increased to 0.6. The positive effeicapplied TET was then observed as the
efficiency of the system with the applied TET oDDOvas continuously increased by the,@€xycle ratio
increase to 0.8 while those of the system withlthneer applied TET were significantly decreased. The
consistently positive effect of the applied TET wéserved in the system with the applied TIT of 20
where the high yield of efficiency was shown by flystem with applied TET of 100@compared with
those of with the lower applied TET.

These occurrences implied that TET and TIT is ndependently affecting the efficiency of the tugbin
and subsequently the overall system. The combimatithese parameter that is corresponded in aicert
pressure ratio was also the determining factor. £yl shows the relation between the turbineiefficy
and the pressure ratio at various applied TIT aBd@ Tthe number on the data point shows the applied
TET). It is shown that with all the examined ap@lET, the turbine efficiency was significantly reased

by the pressure ratio increase to around 2.3 amtbrately decreased afterwards. This peak cometfiem
optimization between the increase of compressokvimput and turbine/expander work output as the
pressure ratio increased. However, the optimunspregatio of 2.3 might not be generally applicabid
merely specific for the turbine condition examimethis study. The dependence of the work of cosgre
and turbine to the pressure ratidP() are shown in egs. 4.9 and 4.10 whéges the specific heat
capacityCIT is the compressor inlet temperatuféT, is the turbine inlet temperatupds the isentropic
efficiency, AP is the pressure ratio, agds the heat capacity ratip.subscript refer to the producer gas

refer to the flue gas andsubscript refer to turbine/expander

CIT _
W, = ~Cpp—- [AP V™DV 1] (4.9)
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Figure 4.10 Effect of the CO, recycle ratio on the system efficiency with various applied TIT and TET
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When 1000C TIT is applied, the increase of applied TET fre@0°C to 950°C decreased the pressure
ratio from 2.0 to 1.4 and since the values were than 2.3, it is resulted in the significant dasee of
turbine efficiency. When 110CTIT is applied, the increase of applied TET frod@d%Cto 950 Cdecreased
the pressure ratio from 3.9 to 2.4 and resultethénincrease of turbine efficiency. Further inceea$
applied TET to 1000C decreased the pressure ratio to 1.8 and redulténd slight decrease of turbine
efficiency. The higher efficiency of the systemtwihe applied of 1000C than that of with the applied
TET of 950°C, shown in Fig. 4.10, can be explained by theredaéd optimum C@recycle ratio for the
heat recovery in the turbine heat exchanger (HXtkin Fig. 4.1) from 0.6 to 0.8 recycle ratio thiowed
more heat to be supplied to the gasifier. Thisiated to the high heat content of the turbine stxéam
(stream 12 in Fig. 4.1), which acted as the hatasir, and the relatively equal heat content of the
compressed gas stream (stream 9 in Fig. 4.1), valtiteid as the cold stream, of the system with ppéed

of 1000°C compared with those of the system with the agpliET of 950°C.

With the applied TIT of 1200C, the application of TET in the range of 9@1000°C resulted in the
pressure ratio over 2.3 thus their decrease werdtegl in the continuous increase of turbine edficly.
However, the increase of applied TET did not inseethe system efficiency corresponded, @€&ycle
ratio. This is since the heat content decreaseeotdmpressed gas stream was significant and lealdhe
heat content increase of turbine exit stream. \ttighapplied TIT of 1200C, the decrease of pressure ratio
by the comparable applied TET increase is moreifiignt than that of with the lower applied TIT;

therefore, the more significant temperature deerésaalso obtained.
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Figure 4.11 Effect of pressure ratio on the gas turbine efficiency with various applied TIT and TET
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At the comparable pressure ratio, the higher TI$ resulted in the higher efficiency since the aapliIT

is linearly related to turbine work, shown in edl@ Thus under the examined conditions, the optimu
condition for gaining highest system efficiency,138%, is under 0.6 recycle ratio with applied THET
and TIT of 2000Cand 1200C. By observing the trend of the turbine efficipmagainst the pressure ratio,
the application of higher TET and higher TIT thae turrent optimum condition might be favorable for
gaining higher efficiency of the GQecycled gasification system. However some tectrdificulties
might occur regarding the long time operation & thigh temperature turbine and £€ream with the

current commercially available technology.

434 Peformance comparison of the CO; recycled gasification system and the conventional air

gasification system

CYCLONE COMP1

BIO

CMBSTR EXPANDER

[wiNAR] > ——[wout}—%

[5]

Figure 4.12 Scheme of the conventional air gasification system

As the comparison base for the proposed systentaimeentional direct gasification system with area
gasifying agent was simulated. Fig.4.12 shows therse of the conventional air gasification systém.
this system, the heat source of the gasificatimtgss mainly came from the partial combustion ef th
feedstock while some heat was added from the regmfethe flue gas heat. The producer gas was then
undergo the cooling, cleaning, and compressinggases before eventually fully oxidized with aittlie

gas turbine to generate electric power and exhdaste flue gas. Two heat exchangers were attdohed
recovering heat in the flue gas to the compresssdrgthe gas turbine (HX1) and to the gasifyingrag
(HX2).
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Considering the kinetic limitation and the rangéeieficial CQrecycle ratio, the representative condition
for the CQ recycled was selected to be at the gasifier teatpey of 850C and under 0.8 recycle ratio.
Gas turbine was specified to be operated with TETOO0C. For the conventional air gasification system
in which the kinetic limitation might not be sigitiént, 750C gasifier temperature, commonly obtained by
supplying air at around 0.25-0.3 E/R, was considethe optimum condition as suggested in the nefere
[12]. Refering to the specification micro gas tneomanufactured by Power WofKs(Ingersoll-Rand 70
kW type), the operated gas turbine was specifigd WET of 700C and the efficiency around 30 %. For
the comparison of the two system the applied TIE fiseed at 1100C

The streams condition of the @@cycled gasification system is shown in Table vtle that of the
conventional air gasification system, shown in €aMl3. Related to designated applied TET, the
temperature difference between the flue gas offiseturbine (stream 12) and the compressed gaarfstr
9) of the CQrecycled gasification system (825 is bigger than that in the conventional direagifjication
system (between stream AIRC1 and stream 8)°(374The higher temperature difference implied the
opportunity for more efficient flue gas heat reagva the CQ fed gas turbine than that in the conventional
air fed gas turbine as well as highlighted the ingrace of the heat exchanger utilization in the, @€
gas turbine for gaining a high efficiency. In aduf, since the diluent flow of the G@asification system
was almost twice higher than that of the convemtiair gasification system, the volumetric turbine

capacity is also needed to be almost twice bigger.

Table 4.4 shows the comparison of the optimum djmgraondition and the performance between the
proposed C@recycle gasification system and the conventioirajasification system. The proposed £O
recycle gasification system produced 11.93 % higfffegiency than the conventional air gasificatiorder

the compared condition. These were the resultehtgher efficiencies of the gasifier and the tnebgas

as CQwas introduced in those components. In the gasifie CQ recirculation to the system allow better
heat recovery and provide more producer gas precthian the merely flue gas heat recovery in the ai
gasification system. In the gas turbine, the usdd@eO; as a diluent allow better heat recovery of the flu
gas to the compressed gas than that of wheis Mtilized. Hence under the certain applied TdThigh
amount of the diluent flow, which resulted in ahhigork output, is allowable for the G@iluted fuel gas
compared to that of Ndiluted fuel gas.
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Table 4.2 Stream conditions in the CO, recycled gasification system under the gasifier temperature=850°C, CO;, recycle ratio=0.6, TIT=1100°C

and TET=1000°C (refer to Figs. 4.1 and 4.3)

Review item Stream Name
2 2A 2B 2C 2D 3 4 5 8 9 10 11
Mass flow (kg/hr)
H 3.08 3.08 - 3.08 3.08 3.08 3.08 3.08 83.0 3.08 3.08 -
CcO 98.92 98.92 - 98.92 98.92 98.92 98.92 98.92 .908 98.92 98.92 98.92 98.92 0.41
CO 126.44 126.44 - 126.44 126.44 126.44 126.44 126126.44 126.44 8683.57 8683.57 8683.57 8840.56
CHs 0.80 0.72 0.08 0.72 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 -
H0 24.38 24.38 - 24.38 2438 2438 24.38 24.38 - - - 29.30
N> 0.15 0.15 - 0.15 0.15 0.15 0.15 0.15 50.1 0.15 0.15 0.15
O - - - - - - - - - - - 0.23
Ash 2.48 2.48 - 2.48 2.48 2.48 2.48 - - - - -
Temp. (C) 850 850 850 850 850 787 638 638 40 105 980 0011
Pressure (atm.) 1.00 1.00 1.00 1.00 1.00 1.00 1.00.00 1.00 1.93 1.93 1.93
Review item Stream Name
12 13 14 15* 16 02G 02G1 02C CO20UT CONBE ASH CO2IN
Mass flow (kg/hr)
H2 - - - - - - - - - - - -
CcO 0.41 0.40 0.40 - 0.01 - - - 0.40 - - -
Co 8840.56 8714.49 8714.49 - 126.07 - - - 8714.48 - - 8557.12
CH, - - - - - - - - - - - -
H0 29.30 28.89 28.89 - 0.42 - - - 28.89 24.38 - -
N2 0.15 0.14 0.14 - - - - - 0.14 - - -
0] 0.23 0.23 0.23 - - 29.76 29.76 84.13 230 - - -
Ash - - - - - - - - - - 2.48 2.48
Temp.(°C) 1000 1000 126 - - 830 830 28 126 40 638 40
Pressure (atm.) 1.00 1.00 1.00 - 1.00 1.00 1.00 01.01.92 1.00 1.00 1.00 1.00
*streamisbypa.ﬁed
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Table 4.3 Stream conditions in the conventional air gasification under the gasifier temperature=750°C, TIT=1100°C, and TET=700°C (refer to

Fig. 4.12)
Review item Stream Name
2 3 4 5 6 7 8 9
Mass flow (kg/hr)
Hz 4.73 4.73 4.73 4.73 4.73 - - -
CO 7551 7551 75.51 75.51 75.51 - - -
Co 38.84 38.84 38.84 38.84 38.84 157.99 157.99 157.99
CH, 0.19 0.19 0.19 0.19 0.19 - - -
H-0 10.56 10.56 10.56 - - 42.71 42.71 42.71
N2 107.03 107.03 107.03 107.03  107.03 1803.04 1803.041803.04
G - - - - - 432.94 432.94 432.94
Ash 2.484 - - - - - - -
Temperature’C) 750 750 40 40 336 1101 700 388
Pressure (atm_) 1.00 1.00 1.00 1.00 6.79 6.79 1.00 1.00
Review item Stream Name
AIRG AIRG1 AIRC AIRC1 AIRC2 FLUEGAS CONDENST ASH
Mass flow (kg/hr)
H> - - - - - - - -
CO - - - - - - - -
CQo - - - - - 157.99 - -
CH, - - - - - - - -
H0 - - - - - 42.71 10.56 -
N2 106.89 106.89 1696.72 1696.72 1696.72 1803.04 - -
07 3246 3246 515.19 515.19 515.19 432.94 - -
Ash - - - - - - - 2.48
Temperature’C) 28 368 28 326 680 370 40 750
Pressure (atm.) 1.00 1.00 1.00 6.79 6.79 1.00 1.00 1.00
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Table 4.4 Comparison of the operating condition and the performance between the conventional air
gasification system and the CO; recycled gasification system

Comparison item Conventional air gasification  f€cycled gasification
Condition
Gasifier temperature (°C) 750 850
Equivalence ratio 0.3 0.26
CQ; recycle ratio (mol/mol °C) 0.0 0.6
TIT (°C) 1100 1100
TET (°C) 700 1000
Pressure ratio 6.8 1.9
Performance
Gasifier efficiency (%) 80.87 85.07
Turbine efficiency (%) 30.82 45,51
System efficiency without CCS (%) 24.93 36.86
System efficiency with CCS (%) - 30.67
CO; output (g/kwh) 1372.23 888.98

The CQ recycled gasification system exhausted 484.25 h lower CQ emission than the
conventional air gasification at the examined ctadi Hence considering the carbon-neutral propefty
biomass, this emission reduction can be realizedeagnplementation of the carbon-negative powanpl
Moreover, unlike those of the air gasification, thdnaust gas of the G@ecycled gasification was in the
form of high purity CQ (over than C@98%mass) which was favorable for the sequestrationess. If
the sequestration is applied, the system wouldntialy have the negative carbon intensity upiter2.23
gCO/kWh.

Up to 6.19 % efficiency penalty might be required $equestration which mainly come from the,CO
pressurizing process (considering the pressunenfderground C@injection, 150 atm.; the penalty should
be less if only transporting is considered). Howetlee system efficiency of the G@cycled gasification
with CCS is still higher than that of the air gasifion without CCS while the air gasification mighquire
higher energy penalty due to the complexity ofapplicable CCS techniques.

The oxy fuel combustion mode of €@ecycled gasification gas turbine is also adaptablthe higher
applied TIT from the point of view of NdJormation since the main diluting agent of gabie is CQ.
Thermal equilibrium analysis of G@ecycled gasification system under the conditidescribed in table
4.4 showed that the system maximally emitted 0.@N®@./kwh. This level was much lower than the NO

emission intensity of most power plant [13].
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4.4 Conclusion

A biomass fed power system utilizing €@cycled to the gasifier and the gas turbine cwele proposed
and analyzed by using the thermal equilibrium mogEet the first part of the study, the effect of tBQ
recycle ratio was examined on the system with warigasifier temperatures, 760 850C, and 950C, and
the specified turbine inlet temperature, 1W0@nd turbine exit temperature 900 The increase of the GO
recycle ratio to the gasifier decreased the hemiadd for maintaining the gasifier temperature &'¢5
indicated by the decrease of required E/R, whilmdteased the heat demand for maintaining gasifier
temperature the 850 and above, Moreover, G@ecycle enhanced the Bouduard’s and reverse \gater
shift reactions that were indicated by the increzf¢be CO yield and decrease of &hd CQ yields. The
increase of gasifier efficiency as the £O@cycle ratio increased was observed at the gasémperature
of 750C and 85C0C, while they were not observed #0°C. The gas turbine efficiency at all conditions
was significantly decreased when the-C€xrycle ratio increased over 0.8 due to the sicantly reduced
heat recovery in the gas turbine cycle. Peak degyefficiency were observed under the,€€xycle ratio
of 0.8 at the gasifier temperature of 75034.78 %, and 850, 34.11 %, while it is not observable at 950

Performance optimization of the system was conduayevarying the applied TET in the range of 900
1000C that is mixt by the application of TIT in the ganof 1000C -1200C. 850C gasifier temperature
was set as the basic condition. The gasifier efficy were more significantly increased by the. @@ycle
ratio increase in the systems with the higher adpliET. Additionally, the combination of TET andTT]
that is corresponded in a certain pressure rati® importantly determining the turbine efficiencydan
eventually system efficiency. The turbine efficignwas significantly increased by the pressure ratio
increase to around 2.3 and moderately decreassvafds. Under the examined conditions, the optimum
condition for gaining highest system efficiency,138%, is under 0.6 recycle ratio with applied THET

and TIT of 1000C and 1200C.

Performance comparison of the proposed system tiwithtconventional air gasification showed that the
proposed system produced 11.93 % higher efficiamcyexhausted 484.25 g&kdWh CQ,emissiorthan
the conventional air gasification. In addition, #hausted C@is in the form of high purity Cstream
which is suitable for sequestration or furtherizgition. Thus, considering the carbon neutralithiomass
feedstock, the system potentially implement carbegative power generation with the intensity around
484.25 to 1372.23 gCOJ/kwh. However, up to 6.12 % efficiency penalty mtidgie required for the

sequestration process.
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Nomenclatures

C

P specific heat capacity (MJ/KZ)

CIT compressor inlet temperatut€)

E production energy

f correction factor (dimensionless)

LHV  low heating value (MJ/kg)

m mass flow rate (kg/hr)

T temperature (K)

TIT turbine inlet temperatur&)

w work output (MJ/hr)

y molar fraction of gas specie in produgas (kmol/kmol)

AP  pressure ratio

n isentropic efficiency (%)
y specific heat capacity ratio
Subscript

b  biomass
C  compressor
f flue gas
p producer gas

t turbine
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Chapter V

Concluson and Recommendation

5.1 Conclusion

This thesis focused on the implementation of bia&® gasification for applying the high efficiency and
carbon-negative power generation. In more detalgtudy was divided into three parts: first is shedy
of the basic biomass G@asification characteristics in a lab scale expenit, then the examination of the
operability and performance of biomassQfasification in a pilot scale downdraft gasifi@nd finally the
proposal of the Corecycled biomass gasification system. The follggiare the summary of findings in

this thesis.

In Chapter I, the effect of steam replacement Iy, @r producing nitrogen-free producer gas was
investigated in a lab-scale downdraft gasifier. Tdwilts showed that substitution of steam with @@uld
generally lower the KHyield and enhance the CO yield. Inhibition of ®&@;-char reaction was observed
under the presence of steam. It was confirmed sigraficant CO evolution under pure g@mosphere.
Positive effect of the COmixing ratio on the thermal efficiency of the dasi was observed at the
temperature of 850°C and above. For the indiresifigation (without G supply), the highest thermal
efficiency of the gasifier (52%) was gained undee CQ-only atmosphere at 850 °C. For the direct
gasification (with Q@ supply), the highest thermal efficiency (60%) wgained under the CED;
atmosphere at 950° C. This calculation result shtbasthe gasification process with £€&s a gasifying
agent and a heat carrier, especially in the digesification process, is potentially be more edfitly
utilized in the N-free producer gas production than steam. Theikiand diffusional limitations of CO
char reaction were significant at the reaction terafure of 750°C. At the reaction temperature @85
and above, the limitations were less so that tipexental CGE of C&O; gasification results were close

to the equilibrium prediction.

In Chapter lll, the operability and the performandéghe CQ-O; gasification in a pilot scale downdraft
gasifier were examined. The @0 gasification was stably operated for around 70uteis in a pilot scale
downdraft gasifier under 0.6 - 1.6 @O ratios and around 0.4-0.6 equivalence ratio. drogress of C®

to CO conversion mainly through the &€har reaction and the dry reforming was indicdigdhe less
significant decrease of the CO fraction than tt@dase of the COfraction in the producer gas as the
CO,/C ratio increased. Owing to the dilution effectwifreacted C& LHV of the producer gas was
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decreased by the increase of theQ0atio. Nevertheless, LHV of the producer ga€6%-O, gasification

is still higher than those of air gasification ewatrthe comparable amount of @iluent in the gasifying
agent. CQ-0O; gasification did not bring significant improvemesftthe H/CO ratio compared with air
gasification that implied the suitability of itsquucer gas for heat and power generation fuel gas.
statistically significant effect of the G ratio was hardly observed on the cold gas efficy of the
gasifier. However, the cold gas efficiencies of & gasification were consistently higher than those o

air gasification at the examined @O range.

In Chapter IV, the Cexecycled biomass gasification system was propasdaptimized using the thermal
equilibrium model that was adjusted with the resfrtbm the previous chapter. With 900°C applie it
exit temperature, the beneficial effect of @cycling was only significant at the gasifier fmrature of
750°C and it was less at the gasifier temperafr@0°C and 950°C. This is because the recycleg CO
temperature was not so high to give a substantialat of heat to the gasifier with the target terapee

of 850°C and above. On the other hand, our previading in Chapter Il showed that 750°C mightde
low to expect the optimum performance of {fasification because of the kinetic and physicaitations.
Performance optimization of the system was themgoted by varying the applied TET in the range of
900°C -1000°C that is mixt by the application of TIT in the ggnof 1000C -1200C. 850C gasifier
temperature was set as the basic condition. Théegasfficiency were more significantly increaskeythe
CO; recycle ratio increase in the systems with théndnigapplied TET. Additionally, the combination of
TET and TIT that is corresponded in a certain pressatio was importantly determining the turbine
efficiency and eventually system efficiency. Thebtoe efficiency was significantly increased by the
pressure ratio increase to around 2.3 and modg@dgeteased afterwards. Under the examined conditio
the optimum condition for gaining highest systerficefncy, 38.14 %, is under 0.6 recycle ratio with
applied the TET and TIT of 1000 and 120CC. The proposed system produced 11.93 % higheiaxifiy
and exhausted 484.25 g@kWWh CQO, emissionthan the conventional air gasification. In additidime
exhausted C@is in the form of high purity COstream which is suitable for sequestration orhient
utilization. Thus, considering the carbon neutyadit biomass feedstock, the system potentially engnt
carbon-negative power generation with the interaitund -484.25 ta1372.23gCQy/kwh.
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5.2 Recommendations for futureresearch

Some research focus might be developed based gmdabent works as follows:

1.

The examination of the gas yield and the thermfidiefcy of the pilot scale CQOgasification still
needs to be performed since our gas flow measutamtie pilot scale experiment might be imprecise.
A more precise gas flow meter than the orifice msh@uld be utilized.

The behavior of tar under various conditions of.@fasification can be an important topic to be
researched either in lab scale or more essenitiafijlot scale.

Regarding the proposed €@ecycled biomass gasification system, the broaddization of the
producer gas to chemical synthesis processes csimhkated and it might be also an interestingdopi
Furthermore, the development of the proposed systdab scale and eventually pilot scale physical
facility needs to be performed.

Eventually another thermochemical processes sutdsapyrolysis with C@can be the alternative of

gasification if the product is more important th@ower.
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