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Experimental studies: co-gasification of biomass and solid

wastes in a fixed-bed downdraft gasifier.
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Co-gasification of woody biomass and sewage
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Z. Ong, Y. Cheng, T. Maneerung, Z.Yao, Y. Dai, Y.W. Tong,
C.H. Wang,” Co-gasification of woody biomass and sewage
sludge in a fixed bed downdraft gasifier”, AIChE Journal
61 (2015) 2508-2521.
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Sludge

- Sewage sludge is unavoidable product
from wastewater treatment plant.

- Amount of sewage sludge will increase
due to the economic development and
increasing populations.

Sewage sludge has less than
10% of Recycling Rate

- Gasification of sewage sludge is
regarded as the potential technology,
due to the advantages of converting the
sludge into combustible gas products



Co-gasification of woody biomass and sewage B & NUS
Woody Biomass and sewage sludge as
ximate, elgﬁﬁn@ﬁt%kis, heating value, and ICP analysis of feedstock mate

Feedstock Sewage sludge * |Wood chips

Proximate analysis (dry basis, weight %)

Moisture 5.8-9.4 8.2-8.5
Volatiles 49.8-51.8 67.8-69.2
Fixed carbon 14.3-15.9 16.2-17.5
Ash 22.8-29.7 6.2-6.3
Elemental analysis (ppm )
Carbon 33.5-36.42 43.3-44.2
Hydrogen 4.2-5.4 5.4-6.1
Oxygen 24.1-31.5 41.6-42.5
Nitrogen 4.9-5.5 0.9-2.1
Sulfur 1.5-1.9 0.5-1.0
High heating value (M)/kg) 14.4-15.0 17.0-18.2
* Sewage sludge was
collected from wastewater
treatment plant, Singapore
Element Cd Co Cr Cu Fe Mn Ni Pb Ca
(ppm)
Sewage Sludge <0.10 <0.10 <0.10 0.20 2.67 <0.10 <0.10 <0.10 -
Wood chips - - - <0.10 0.09 <0.10 <0.10 <0.10 3.8
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Co-gasification of woody biomass and sewage

Effect of feed stock composition
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on gas

10% sludge-

20% sludge-

33% sludge-

Feed stocks Pu.re wood mixed wood  mixed wood  mixed wood
chips chips chips ! chips

Gas composition CO 16.9 15.9 15.6 12.0

(vol. %) H, 17.3 17.1 16.8 13.4
Cl, 17 2.0 2.1 1.8 20-40 vol.% syngas?
CO; 11.9 12.2 12.7 12.5
0O, 23 1.7 1.0 3.4
Total  50.1 48.9 48.2 43.1

Lower heating value (MJ/Nm’) 4.7 4.6 4.5 3.6

(2] Optimum composition of sewage sludge and wood chips for co-gasification
* 70-80 % biomass conversion

Z. Ong, Y. Cheng, T. Maneerung, Z.Yao, Y. Dai, Y.W. Tong, C.H. Wang,” Co-gasification of woody biomass and sewage
sludge in a fixed bed downdraft gasifier”, AIChRE Journal 61 (2015) 2508-2521.
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Co-gasification of woody biomass and sewage NUS

Formation of Agglomerated Ash

(co-gasification of woody biomass and sewage sludge)

Pure woody biomass 0 Agglomerated ash was found in bottom ash

after adding sewage sludge in feedstock

QO Particle size is increased with increasing of

Bottom ash sewage sludge content in the feedstock.

TLNI‘H ‘f”l: UL 2: [T i_,ii 10 wt. % sewage sludge mixed with 90 wt. % woody biomass

33 wt. % sewage sludge . . & w ' “ - ¥
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20 wt. % sewage sludge mixed with 80 wt. % woody biomass
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Z. Ong, Y. Cheng, T. Maneerung, Z.Yao, Y. Dai, YYW. Tong, C.H. Wang,” Co-gasification of woody biomass and sewage
sludge in a fixed bed downdraft gasifier”, AIChE Journal 61 (2015) 2508-2521.
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Blockage of gasifier during co-gasification of 33 wt.% sludge-
mixed wood

Pure Wood Chips Formation of agglomerated ash during co-
gasification of 33 wt. % sludge leads to the blockage
of the reactor at the initial stage of reduction zone

Agglomerated particles

Syngas 1

Z. Ong, Y. Cheng, T. Maneerung, Z.Yao, Y. Dai, YYW. Tong, C.H. Wang,” Co-gasification of woody biomass and sewage
8 sludge in a fixed bed downdraft gasifier”, AIChE Journal 61 (2015) 2508-2521.
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Proximate analysis (dried based%)

'Eorse MaPﬂ Moisture 7(Ez;.s7 73'6. 7.8
_ received) (as received)

Volatile 04.8 61.4 75.2

Lxed 10.0 105 14.5

| Mnure Ash 2>.1 28.1 23

Ses s mJ Elemental analysis (%)

Carbon 37.3 28.2 47.71

Hydrogen 5.1 3.5 7.07

Nitrogen 2.0 4.3 2.27

Sulfur 0.55
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Effect of feed stock composition on gas
composition
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Wet biomass (WB) ——=>  Dry biomass (DB)
4

Pyrolysis Gas (PG)(CO,CH, H,0)
Char (C)

Pyrolysis Reaction

(Gas phase combustion

R 2
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Energy Balance Graphlcal User Interface (GUI) in Matlab

dnX 1

’ 0, (2) Av(2) = ny(z + AZ) Av(z + AzZ) + Ry AN 7= —(Rg "x—) eql
& v d Fillin biomass * Fillin biomass
ultimate analysis proximate analysis
A(Z "XC"T)MZ_VZA (Z “xCX)Z=ZX:riAHiAZ—(PAv) . 'infil;:ne:theyarein . E)r;zlstetheyarein%
~~~~~
haracteristi = = i S =
dz e nxCX( ZrAH v—pr— ZR xT) eq2 R — \ = i Pyrolfffiiﬁ::«:;if:::-
FESSITE G eilianse d—P—1183( V—Z)+388 19v — 79.896 3 . flﬁ!ujzzl::t:ﬁt:s)for RO e S i —=3]
(empirical formula) dz ~ Pes o ' ' ed other efficiency = e Gt Combustion —
measures are also o= —=
displayed —
locity gradienc dv 1 Dx nxchxR ): r;AH; dP Vo VYx nxcx «  Display diffe t kind: 1 S e
(TR |5 - . DB Tned | ¢ Berldtlentiins Y —
equationl,2,3) e
i Pure wood chip €r 33% sewage sludge and 67% wood chip
50 I 4 . . Lo
i 50 - * The model does quite well in predicting
c 40 - 2 syngas compositions of wood chips ,
o 72 experimen H i . . . .
3 £ Q2 Experimental registering differences of only around 2% to
g% g 3 4%, a more significant over-prediction of
2 % ° CO, and under-prediction of CO .
= S . . Ll .
g | 2 * The predictions for the co-gasification of a
10 S ol 33% sewage sludge and 67% wood chips
- mixture are quite accurate, with the largest
Cha 5 - 2 0 o e ' e ——— . percentage difference coming from the
H, 0,; CO CH, cCo, N, 2 O R over-prediction of CO, of 6.57%.
2

Z. Ong, YP Cheng, T. Maneerung, Z. Yao, Y. Dai, YYW. Tong, C.H. Wang,
woody biomass and sewage
sludge in a fixed-bed downdraft gasifier”, AIChE Journal, 61, 2508-2521 (2015).
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Schematic Diagram of
downdraft gasifier
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e |

Cross section of
gasification unit

Geometry and mesh

Biomass

= Tapered column

= Reduction bell

[ @_ __________ Reduct Drgp=0.155m
Outlet: Dggyop= 0.254m

Gas outlet

W.C. Yan, Y. Shen, S. You, S.H. Sim, Z.H. Luo, Y.W. Tong, C.H. Wang,
“Model-Based Downdraft Biomass Gasifier Operation and Design for
Synthetic Gas Production”, J. Cleaner Production, 178, 476-493

(2018).
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Flow field distributions

(a) h=0.22m (b) h=0.16m (e) h=0.26m

B b tonds 20 \\{1{ 47 f.,.r.o =

i
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Pressure Velocity Velocity vector

Gas composition distributions
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W.C. Yan, Y. Shen, S. You, S.H. Sim, Z.H. Luo, Y.W. Tong, C.H. Wang, “Model-Based Downdraft
Biomass Gasifier Operation and Design for Synthetic Gas Production”, J. Cleaner Production, 178,
14 476-493 (2018).
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Comparison of gas composition between

CFD simulation and experimental results Comparison of both experimental and simulation data with others
: [ CFD simulation 250 7.000
W Experiment
g / - 6.000
.E’ 20.0 —
£ - 5.000
¢ — 150 —
£ 4000 4
g \_/—l\. ;
5 £
o co, CH, H, ¥ 0 3000 ;
Comparison of temperature profile between =
CFED simulation and experimental results. {Pure wood chips) L 5000
FEACFD simulation
1200 w Experiment [APL) 50 —— —
- 0 Bxperiment (SITU) (10% sludge) - 1.000
X
E 800
2 0.0 0.000
E w0 Pinto et al. [38] Gai et al. [39] Kim et al. [40] Experimenta Experimenta Current Model
=%
5 LHV == ==fll=C02 =sbe=CH4 ==pb=H2
References:
o [38] Pinto F.et al., Energy Fuel 22, pp. 2314-2325, 2008;
, [39] Gai C. et al., Int. J. Hydrogen Energy 37, pp. 4935-4944, 2012.;

T bred T tred [401Kim Y.D. et al., Appl. Energy 112, pp. 414-420, 2013.

T_bred: Temperature at bottom of reduction bell
T_tred: Temperature at top of reduction bell

Z. Ong, YP Cheng, T. Maneerung, Z. Yao, Y. Dai, YW. Tong, C.H. Wang, “Co-gasification of woody
biomass and sewage

sludge in a fixed-bed downdraft gasifier”, AIChE Journal, 61, 2508-2521 (2015).
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{ Solid Residues pttom ash is classified as I Char_/ash fOI.“ agricultural . . . :
I fus waste, bottom ash I Chaipplicationsch substance, which can be further mixed with -
1 rious harmful compounds :I soil and used as a Biochar I
: B leached out into water I= i
| ] I
| ! ] :
: and alkali salts :' 1
I nts of heavy metals II i
pounds I: -
I 1 1
I Bottom ash is one of the harmful inorganic residues arising from gasification process. |= |
I In view of economic and environmental implications, the proper disposal and || |
| utilization of bottom ash with emphasis on finding new applications is necessary. l‘ ]
S > <
(Bottom ash as a source of catalytic materials * Char as a source of activated carbon }
: Ca0 catalyst. was suc_c_essfully developed from _gfasm_catlon bott_om_ ash Activated carbon was successfully developed from char and was |
" and has high activity towards transesterification for biodiesel val i
production. . !
|

: q 1

| Transesterification 776.5 m?/g
1 Wood Combustion/Gasification e 1
1 Wood + air — gaseous products + ash Triglyceride + Methanol «—» FAME + Glycerol ~ = I
1 Exhaust 1
I Woody biomass . 1
i 3 = < Dye removal using AC :
: = developed from char -
| £ |
2 I
: Syngas e |
I and/or Biodiesel :
1 Electricity Bottom ash (or FAME) \ Wavenumber (nm) ]

~
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Gasification products Oxygen depleted air
(H2, CO...) (N2)

Fuel reactor

H,0 CO,, H,0 Oy
j-’( 58 Me, O, ,
Ash Oxygen Fuel Air
t Carrier Enou g reactor Less reactor
Volatiles c0, H, h
Fuel Mexoy-l
Me,O,
t Gasification agent Air
Biomass HZOICOZ (H20, CO2) (02, N2)
hemical looping combustion VS Chemical looping gasificat

» Conversion waste to energy > Promote hydrogen production
> Energy saving by OC circulation> Less tar generation

Energy & Environmental Science, 2017, 10(9): 1885-1910.
Progress in Energy and Combustion Science, 2018(65):6-66.
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95 Materials and methods
»xy°§§5 carriers preparation CaOo

l

Fe(NO;);-9H,0 (s) mmmdFe(NO,), solution===be/Ca mixture solution

CaFe.O ttirring at 80 °C
7% cCalcination at 800 °C

Ca,Fe, 0, pmm—Fe/Ca sludge

Ca,Fe,0.+CaOl

XRD Results
CaFe,O, Ca,Fe,O. EaEeTOE0a0)

50 60 70 80
2 Theta (deg.)

)EZSZ?, 18

! T ! T ' 1 T . T g § g '
4IO 50 60 70 80 40 50 60 70 80 40
2 Theta (deg.) 2 Theta (d
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Sample | Properties

Proximate analysis, dry, wt. %

Water feeding

» Insulating layer

Electric furnace
-

’Samples

Ash Volatile Fixed carbon
10.86 76.84 12.30

vPen‘orated Plate

Ultimate analysis, dry, wt. % Gas collecting
H N S O (by difference)

43.08 6.63 0.65 0.21 38.56 c

& o Gas analyzer
Ash composition 2, wt. % g |=

=
Si K Cl Mg Na 0]

— v

44.91 25.72 11.32 085 0.41 16.79 Condensation

Temperature controller

@)

. CLG of rice straw with different OCs:
General H, concentration: 800 °C, 0.1 g/min steam feeding, 30 r

Air gasification: 10-20%
CO, gasification: 15-25%
H,O gasification: 35-45%

@ce2s2 19



NS Results 1 - Effect of oxygen carrier

=
(6]

H2 yield (mmol/g bic

f Singap / B10omass steam gasirication
: - NN\%L""—’»‘\M

)/

N

/ . OC+biomass steam CLG
: | . .
/ > MWW
//-/
— : 50 L B0L T 0 2
OC+biomass  Biomass steam QC+biomass
pyrolysis gasification steam CLG I‘heta (deg .)

Effect of OC and steam on syngas properties  yppy batterns for solid residues after gasification

(Fe:Ca=1:1)
> H,yield and heating value of syngas was enhanced by One step redox of Ca,Fe,O.:
both steam and OC. Ca,Fe,0s+3H, - 2Ca0 + 2Fe + 3H,0
»  The introduction of OC promoted the carbon Ca,Fe,0:+ 3C0 - 2Ca0 + 2Fe + 3CO0,

conversion due to the possible catalytic effect of Ca/Fe. 2Ca0 + 2Fe + 3H,0 — Ca,Fe,0:+ 3H,
@252 20
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Gas yields under chemical looping gasification with different OCs

Fe:Ca=1:
Cao > Fe:Ca=1:1 Fe:Ca=2:1

H2 yield (mmol/g biomass) 20.84 19.94 21.79 23.07 20.42
Carbon yield in syngas (%) 35.70 47.18 42.34 40.95 38.07
Mass balance (%) 93.20 94.55 98.83 96.97 100.13
:?(on::zsl;eatmg value (ki/g 7.71 8.23 8.22 8.46 7.52

Gas content (%)

H, 61.96 54.45 59.29 63.20 60.31
co, 23.81 27.32 26.65 23.21 26.85
CH, 2.00 2.91 2.39 2.11 2.20

co 12.24 15.32 11.67 11.48 10.64

» Carbon yield in syngas was promoted with more Ca due to the catalytic volatile cracking.

» The ratio of 1:1 for Fe:Ca (Ca,Fe,0;) is the optimal for hydrogen production and CLG.

@:2s2 21



Results 1 - Effect of oxygen carrier
NUS Fresh OCs Reacted OCs

National University

of Singapore
BRI s Yy i o j
A Gy s o =
a ——— CaO o
o g i
0 0 0
Fe:Ca=1:2
rs 0 0
0

Fe:Ca=1:1 -
DS * & POPS P <& L 2 * e RS
WMAJL/WJMW
Fe:Ca=2:1 K
e o ° e . i . SR
A6 50 B P60 65 f0 2 B0 B 50 60 70 80

2 Theta (deg.) 2 Theta (deg.)

Fe . Ca e - Ca,Fe,0s + Cal Ca,Fe,05 + Cal Ca,Fe,0s + Cal Ca,Fe,0s + Cal
' Ca;Fe;05 CayFe;05 i CazFe;05 CayFe,05
. 2 CaFe;0, CaFe;05 + Fe;0, CcaFey0, CaFe;05 + Fez04
~"Ca=
e' a_ Ca,Fe,05 + CaO CayFe,05 + CaO Ca,Fe;05 + CaO Ca,Fe,05 + CaO
. Ca,Fe;05 Ca,Fe;05 CayFe,05 CayFe,05
1 L] 1 CaFe,0, CaFe;05 + Fe;0, CcaFey0, CaFe;05 + Fez04
Fe:Ca=
Ca,Fe,05 + CaO CayFe,05 + CaO Ca,Fe;05 + CaO Ca,Fe,05 + CaO

» A simple one step reduction and oxidation for Ca,F 6205 would largely promote H, production
through the re-oxidation started from Fe° by steam, compared with that from FeO and Fe 0, )?D
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Gas yields of chemical looping gasification with Fe:Ca=1:1 under different temperatures

H2 yield (mmol/g biomass) . . 23.07 34.23
Gas yield (%) 20.82 31.88 58.37 83.09
Mass balance (%) 100.76 97.78 96.97 96.92
::(on::::;eating value (/g 1.98 3.46 8.46 13.86
Gas content (%)

H, 40.66 51.20 63.20 64.10
co, 36.85 33.26 23.21 19.70
CH, 5.83 3.62 2.11 1.74
co 16.67 11.91 11.48 14.46

> Hydrogen yield, syngas properties were increased with the increase of gasification temperature.

@c2s2 23



% Results 2 - Effect of temperature
T . ce o

Less than 700 °C:

CLG
Ca,Fe,0s— Ca,Fe,05 + Fe;0,

Higher than 800 °C ;
. o CLG
oY AT WP Ca,Fe,0;— Ca,Fe,0«
50 60 70 80
ieta (deg.)

XRD patterns for solid residues after CLG at
different temperatures (Ca:Fe=1:1)

> A temperature of higher than 800 °C was needed for steam chemical looping gasification.

@c2s2 24
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Gas yields of chemical looping gasification with Fe:Ca=1:1 under different temperatures

_ﬂ 2nd cycle |3rd cycle| 4th cycle 5th cycle

H2 yield (mmol/g biomass) 23.07 20.94 21.14 20.60 18.09
Carbon yield in syngas (%) 40.95 43.02 45.71 45.93 44.32
Gas yield (%) 58.37 58.06 59.79 60.44 56.06
Carbon deposited (%) 12.33 10.47 10.70 8.37 8.60

Gas content (%)

H, 63.20 58.91 58.28 57.53 56.18
co, 23.21 25.36 25.41 26.56 28.26
CH, 2.11 3.40 3.59 3.46 4.18
co 11.48 12.33 12.72 12.46 11.37

» Hydrogen vyield was slightly decreased with the increased cycle times.

» The carbon deposited was decreased along with the enhanced CO, content and carbon conversion to

gas phase.



Intensity (a.u.)

o Pt (background)

Fe Si \iﬂ

-

1st cycle

3nd cyele

A

5th cyele

SEM images for Fe:Ca=1:1 (Ca,Fe,0,) after several redox

>

reduced hydrogen yield over cycling CLG.

The redox cycle of Ca,Fe,Os favours hydrogen production due to an one-step transition (Fe

1°* cycle after CLG

> | - .o

15t cycle after air oxidation

4 g >

3™ cycle after air oxidation

ter air oxidation

50 80
‘heta (deg.)

Phase chariges of OC for 5 times
redox cycles (Ca:Fe=1:1)

CLG
3rd cycle: CaO + Si0,— CaSiO;

E"“H“‘*’“\E\K*accumulation from ash of bioma

3+

The combination of CaO with SiO, derived from ash of rice straw at high temperature was the reason for

— Fe —
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Reduction

Volatiles mimm) .
o« [|@)°
1
Biomass Char——-: Ca,Fe,0, \j

Oxidation

/7
H,0 . \

H,-enriched Syngas

Ca0

/ \)eactivation

CaSiO; + Fe,0,

Schematic of the chemical looping gasification
process with Ca,Fe,O. as oxygen carrier

The optimized hydrogen yield was 23.07 mmol/g
biomass with Fe:Ca=1:1 under the conditions of
800 °C, 0.1 g/min steam.

A temperature of higher than 800 °C was needed
to have a completed redox of oxygen carrier.

The redox cycle of Ca,Fe,Os favours hydrogen
production due to an one-step transition

(Fe3t — Fe — Fe3™).

SiO, in the ash of biomass may react with Ca in
high temperature, and further reduced the

cycling performance of Ca,Fe,0s.

@:2s2 27
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