Ash Fouling and Slagging Model

Columbia 2: Deposit Pattern

Ash Impaction Rate

SH Division Panels from
Corner #4 View Port

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Furnance Wall Cleaning Strategy

Objectives

= Evaluate design and operating condition impact
on furnace slagging

— OFA

— Primary air and Aux air

* Optimize sootblowing frequency and pressure:

— Low pressure high frequency vs. high pressure low
frequency

* Optimize blowing configuration:

— Blowing angle

62



Furnance Wall Cleaning Strategy

Furnace

* Four corner tangentially-fired boiler
at Columbia Energy Center

+ 3512 MW nameplate capacity

+ Average monthly capacity factor:
— Unit 1 = 95% (last 2 months)
— Unit 2 = 98% (last 2 months)

+ Coal - Powder River Basin (PRB)
— Eagle Butte coal

+ OFA design:
— Unit 1: OEM design
— Unit 2: RMT design

Ch. 2 Solid Fuels by Prof. Jeon

CFD Model of a T-fired Boiler

OFA port

Burner
at corner

Unit 1

Power Gen. from Solid Fuel
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Furnance Wall Cleaning Strategy

Furnace Wall Slagging Deposit

1.00 ‘

0.08

0.95 =

0.03 .
000 .

0.8

0.85
0.82
0.80

077

075
0.73 .
0.70
0.68 M
0.65

0.83

0.60

0.57

0.55
0.52 . - e | |/ i

0.50 ?j{y S 3 AR

4
Deposit thickness (inch) 6 hour operation w/o Sootblowing
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Furnance Wall Cleaning Strategy

SH Division Panel Slagging Deposit

047

043

a08: o Lt
T
Picture taken on Picture taken on Deposit thickness (inch)
Feb 28", 2007 March 374, 2007 one-hour operation

w/o sootblowing

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Furnance Wall Cleaning Strategy

o | Heat Flux
S 45,000 1) \ VI LT N \ ! Data
§4u,ouo L'\_&\_h\_\ll | \ LJ“‘\‘I{H._“‘}\HH% l\‘1 JI -
5 sson | ALY VY Moy Comparison
% 30.000 "ﬂ"‘,q W«W
g%

25,000

20,000

0.0 3.3 6.6 9.9 13.2 16.5 19.8 231
time (h)
‘—AshPRO Heat Flux (Btu/h-ft2) — Plant Heat Flux - E3 (Btu/h-ft2) |
80,000
75,000

%liiﬂkkh WW i "Mi.“\n

3 60,000 N 'Hq“ l'u‘\ I

w ' N r\
§ 55000 ||4|\ P ER NN
50,000
45,000
0.0 3.3 6.6 9.9 13.2 16.5 19.8 231 Heat Flux (Btu;‘hr_ftl)
Time (h)
e AchPRO Heat Flux (Btu/h-ft2) —— Plant Heat Flux - E2 (Btu/h-ft2)
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Furnance Wall Cleaning Strategy

Deposit Thickness (inch)

No sootblowing for 6 hours

Ch. 2 Solid Fuels by Prof. Jeon

Sootblowing every 3 hours

Front wall

Power Gen. from Solid Fuel
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Furnance Wall Cleaning Strategy

Low Temp Fouling Deposit Growth
and Removal for Different Coals

0.70

0.60
E 0.50 A

=
® 0.40

!
o I
% 0.30 ."I/ 7

\\‘_\_,_

2 0.20
0.10 / Ef

0.00 +~

VR
vV v

T
0 10

T T
20 30
time (h)

40 50

0.70

0.60

£ 0.50 A

)

/L /]

171

WAV

=
v 0.40

|
i

/
/

/,. 1/

I/

(=N
£ 0.30
2 0.20

1/

i
Y

,r

_c,.::-:-

E—t |

/ 1/
v

0.10

0.00

20 30
time (h)

40 50

| — Buckskin

— Black Thunder

Eagle Butte |

Final SH pendant

= Local flue gas temperature is ~
1,500 °F

= Sootblowing frequency: every 6
hours

Upstream deposit

= Deposit growth: Eagle Butte >
Black Thunder > Buckskin

* Buckskin and Black Thunder are
easier to clean with sootblowing

Downstream deposit

= Deposit growth: Buckskin >
Black Thunder > Eagle Butte

= Deposit is hard to clean with
sootblowing for all three coals
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State of the Art in PNU

nd q1st ond
Environment T. 1300 °C
Si02 |0.416832 | 0.4352
Feeding rate 0.15g/min
AI203 |0.224953| 0.2643
1* air N2 =1.5(lpm) TiO2 |0.017431/ 0.0066
2nd air O2+N2 = 3.5(Ipm) Fe203 | 0.143851 | 0.1422
Time 1h CaO |0.018692] 0.0443

MgO |0.011546 | 0.0191

Na20 | 0.001779 | 0.0357
Coal property

K20 |0.009301 | 0.0123
Collie Coal B
P205 |0.003665| 0
Tev(K) 1406K 1325K o Toooresl o
Ash(%) 13.4% 57 FeO 0 0
NiO 0 0
7ZrO2 0 0
_ CaF2 0 0
Si0, 1873
B203 0 0
Al O, 2345 S0O3 |0.149675| 0.0163
TiO, 2116
Fe,0, 1839 .




State of the Art in PNU

= Deposition experiment results

Collie Coal B

Total coal
feeding 1 Og 1 Og

Collection
efficiency (%) 10.34% 28.59%

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



State of the Art in PNU

Collie coal (T.,=1406K)

5.00e-09
4.75e-08
4.50e-08
4.25e-09
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3.50e-09
3.25¢-09
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2.50e-10
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1.50e-09
1.25e-09
1.00e-09
7.50e-10
5.00e-10
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0.00e+00

Coal B (T,,=1325K)
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State of the Art in PNU

= &8 22 Bl

Collie

5.00e-08
4.75e-08
4.50e-08
4.25e-08
4.00e-08
3.75e-08
3.50e-08
3.25e-08
3.00e-08

- 2.75e-09
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2.00e-08
1.75e-09
1.50e-09
1.25e-09
1.00e-09
7.50e-10
5.00e-10
2.50e-10
0.00e+00

Collie coal (T.,=1406K)
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State of the Art in PNU

= Tev H3H0f| [HE deposit Ol & Z 1t

T,.,=1406K T.,=1500K T.,=1650K

5.00e-09
. 4.75e-09
4.50e-09

4.25e-09
4.00e-09
3.75e-09
3.50e-09
3.25e-09
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2.75¢-09
2.50e-09
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1.75e-08
1.50e-09
1.26e-09
1.00e-09

I 7.50e-10
5.00e-10
2.50e-10
0.00e+00

TevOll [HE Deposit 2 (kg/s) H 3t

Deposit rate (kg/s) 2.53 x 10”7 1.91 x 10”7 1.78 x 10”7
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Assignment #3 : Slagging& Fouling papers

Key paper & & :2012.10.5 7+ X
Presentation =4 : 15 pages ppt, 2012.10.11 2 I+ X|
Uploading : idisk.pusan.ac.kr / update only

ID 111050, PW 123456

Both of paper, presentation.

Top 4 : presentation and A credit
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2.1.2.1 Petrographic Analysis

Table 2.4 Macerals of brown and hard coals (Zelkowski 2004)

Brown coal Hard coal

Maceral group Maceral Maceral group Maceral

Huminite Textinite, ulminite attrinite, Vitrnite Telinite, collinite
densinite gelinite, vitrodetrinite
corpohuminite

Liptinite Spornnite, culinite, Exinite Sporinite, cutinite
resinite, suberinite, resinite, alginite
alginate, liptodetrinite liptodetrinite
chlorophyllinite

TInertinite Fusinite, semifusinite, Inertinite Micrninite, macrinite
macrinite, sclerotinite semifusinite,
inertodetrinite fusinite

inertodetrinite

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



Properties of Maceral

76/129

Maceral H/C o/C frac. aromatic C Density (g/cc)

Liptinite

Resinite 1.33-1.55 0.03 - 0.11 1.01 - 1.15 He

Sporinite 0.92 -1.13 0.09 - 0.12 0.45 - 0.6 1.15-1.25 Aq

Cutinite

Bituminite 1.3-1.5 0.14 - 0.17

Alginite 1.1-1.4 0.10 - 0.07 0.18 1.01-1.15Aq
Vitrinite 0.39-0.9 0.10 - 0.33 0.5-0.9

Telocollinite

Desmocollinite
Inertinite

Semifusinite 0.5-0.64 0.14 -0.13 1.28 - 1.50 He

Fusinite ~0.5 ~0.13 1.40 - 1.60 He

Micrinite

Macrinite

Inertodetrinite
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Origin of Coal

In the view of
Petrographic composition

Origin plants and the
extent of their
decomposition at the 15t

Difference in Petrographic composition

Macerals Analyzed through
1. Transmitted light method
D 2. Reflected light method

How does this approach will
enhance your understandings
on coal and coal combustion?

liptinites

charcoal

inertinites

&4
86
AN

HMsediment minerals

ash

[ o )

E3
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Reflected light method by Microscope

Gray, hght

:!Ii ..._ ‘*
"j'\ "Tnerf‘ nlte é,

e- L

Microscopic s .=t
Coal |

Light gray,

Dark gra
sray, yellowish white

light gray,
white



Manual petrography

79

Ch. 2

. / ! Manual petrography provides composition and rank information.
J| It provides an estimate of mineral abundance but not of mineral
/ maceral associations.

Histogram Data Range Frequency %
Maceral (Maceral group = =f.55 0.0
Vol.% Vol% _D.55== <0 0.0
Telowitrinite 8.7 0.60== <0 65 0.0
Dretrovitrinite 228 E1.6 0.85== <0.70 1.8
Gelovitrinite 0.0 0.75== <0 80 14.8
Sporinite 1.2 80== 241

aq

25

2

15

0

035 540 0.40 0.55 580 0.70 O0.60 &5 100 1.10 1:35 1,90 1.40 155 180 1.F0 185 180 2.00 218

Maximum Vitrinite Reflectance (%)

030 830 .40 055 §50 0.TO 0.80 &.%5 1.00 1.10 1.2 1.40 158 1.80 1.F0 186 180 2.00 318

1.3 130 %
Maximum Vitrinite Reflectance (%)




Optical microscopic Image Processing

bulk analysis of the sample.

Optical microscopic Image processing provides a

| 99%, cum [%] i ; CSIRO sample ':'501 i
| 950 - A rrrmmmneeeee '
| 9o%[ i i i
| 80% [ rommnoeoeeees e :
| To% i : : |
) —— — E— AT
| 20% ! ! ’
[ 40% T L VT S |
| 30% ; 5 1 srar miners - 0% |
2{]% _______________ E- _____________ -E‘_—____/__ mmmmmm:;-ﬂf;“
0% E = bt |
] 5% ______________ : _______ ‘E‘ __________ : mmm;ﬂmm-lx_ I
""" i i i i reflectance
1{3,.5 1 T 1 1 1 T T T T
0.0 0.5 1.0 1.5 20 25

Ch. 2 Solid Fuels by Prof. Jeon
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Optical microscopic Image Processing
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......

CSIRO Sample 2855
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|

|
_ 4

Witrinite = 384%™

Inertinite = 51.3%_|.

Liptinite = 4.0%

Bright minerals = 0.1% [

Dark minerals = 5.1%,

Mean Vitrinite Random Reflectance (Rr) = 0.88[-|
Range {min - max) : 0.84 - 1.12|

Standard demiation = 0.07|

Predicted Maximum Vitrinite Reflactance = 1.05)

Reflectogram data can be
presented as histograms.

For single coals.

|

|

|

' reflectance
l

T T T T T
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Optical microscopic Image Processing

99%
cum [%] CSIRO Sample 2853
95% !
90%). .. e
I
I
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50‘%}-———————————— Coal CCLS sample contain two
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‘3183?6 e e
(/) ;
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TTTTTTT T Tt [ [ Dark minerals = 4.4%|™[
! ! Mean Vitrinite Random Refiectance (Rr) = 1.06|
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o | | Standard devation = 0.14)
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Optical microscopic Image Processing

83
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Coal Grain Analysis

* Coal Grain Analysis is an optical technique. The organic
phases are identified by their reflectance values.

* |t provides size and compositional information on the individual
grains in the images.

* The information from the grains can be combined to provide
summary whole coal reflectance information (traditional use of
iImaging for coal petrography applications).

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Coal Grain Analysis

Characterisation of daughter particles by Coal Grain
Analysis

Pixel measurements

Volume percent

grain information

Vitrinite

Inertinite

Dark

245597 |
251677

- - wh ooo oo

Inertinite

Dark
mins

R == ]

density

N :
1.527

1234

ash %

0.29

Ch. 2 Solid Fuels by Prof. Jeon
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Coal Grain Analysis

Grains are categorized based on their

composition

» Single component grains
* Vitrite (>93% Vitrinite) -  _ Minéfi‘e' Vitite
. Inertite (>95% Inertinite) ¥ e
« Liptite (>95% Liptinite) G| ’-.,-”'-*““”‘*;_*““e -
« Minerite (>95% Minerals) §57 5

* Composite grains a8
* Vitrinite rich (V>1, L, Mins)
* Inertinite rich (I>V, L, Mins)
* Liptinite rich (L>V, |, Mins)
* Mineral rich (Mins>V, |, L)

Minerite §

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



Coal Grain Analysis

{ I' |Gram class |Vitti.n.ite |1uerti.n.ite Dark ‘Bright |Gnuu Volumel Grain |Gm.m mass |Gtam
| (1
NN 0.
.I [] II. | e 100 ff _" ] r
|11 |componen »
] I : a0 ! s t
U] Grains : E, 1
I [ Compositt 0 ; 'f N
1 I.' Grains i .*? +
''''''''' ;‘ o ¥ i +
A N B [ * salgrns|| —
() S - ; . + worte || —
i » — -
I [ 100 T4 g I £ +
[ i g = . Mnemme
| E r " + EWEnRch
[ 80 1+ 40 -.- ’ & etk
[ -]
Il | & mt +
gn E ;t.t L] + Mn ich + all grains
B0+ 1 W yitrite
nertte
50+ Minesite
*® Vit rich
'k « Inertich
4 + Min rich
o ot :‘
nts
wE X
*
o et -
0 &0
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Thermal and PCI coals

88

Size Fraction (microns) | sum of grain pixels |% in each fraction
+75 1,012 146 230
-19+38 1,279,601 290
-38+10 1,436,079 326
-10 680,143 154
all grains 4 407 969 1000
Maceral composition (volume basis) of size fractions
Size Fraction Vitrinite Inertinite Liptinte Dark Bright
muneral muneral
+75H 83.2 8.3 238 54 0.3
-75+38 Tr.2 14.3 36 438 0.0
-38+10 0667 257 36 37 0.3
-10 534 40.9 31 17 0.8
all grains 71.5 207 33 41 03
grain composition {mass basis) of size fractions
Vitrite Inertite Liptite Vit rich Inert rich
(=95% (=95% (=95% Minerite (V=IL1. (I=V.L. Liptinite rich |Min rich
Size Fraction vitrinite) inertinite) Liptinite ) (>95% mins) |mins) mins) (L=V.I, mms)|(M>V.I.L)
+75H 328 0.0 00 00 61.3 59 0.0 00
-75+38 439 2.0 0.0 41 38.7 11.3 0.0 0.0
-38+10 ile6 11.9 0.0 13 40.0 13.1 0.0 21
-10 336 28 9 0.0 11 216 13.0 0.0 18
all grains 35.7 8.8 0.0 18 42.0 10.9 0.0 09
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Thermal and PCI coals

» Need at least some reasoned correlations between coal and char types
/= Initial work with empirical correlations

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



Thermal and PCI coals

Char groups Group I Group II Group III

Two-dunensional schematic

representation

Porosity, % >70% Variable, 40-70 % <40 %

Wall thickness. pumn <5 >5 >5

Shape Spherical- Subspherical angular
subspherical

Typical swellmg ratio >13 <1.0 <09

Typical residual mass ratio 0.1~05 0.1~0.5 10

Percent

chars

e

|
m

ryant GW, Benfell |

Ch. 2 Solid Fuels by Prof. Jeon

Correlated to coal petrography
Impact on reactivity and modelling

High pressure increases population of Group 1 (fluff

Char mass fraction

e
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e
m
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Residence time {second)
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Cocking coals

Coking coal characterisation

* Quantifying the influence that the composition of the individual
coal grains in coke oven feed has on coke quality.

R1131 R1132 R1134 R1135 R1133
VC VItVF Inert C VitF Inert N Vit/N Inert | F Vit/C Inert VE Vit C Inert
Vitrinke 68.1 65.6 67.7 63.1 683
Inertinite 246 26.1 239 281 236
Dark Minerals 6.8 Ta a0 83 T.r
Bright minerals 04 0.5 04 0.5 0.3
Vitrite 223 21 226 202 237
Inertite 1.0 08 06 0.9 0.6
Mineraks 03 02 04 0.4 0.2
Vitrinie rich 454 47.0 50.2 468 502
Inertinite rich 234 253 27 278 22
Mmneral rich 36 44 34 4.0 3.0
Cummulative % passing Tmm
R1131 R1132 R1134 R1135 R1133
VC VitVF Inert C Vit/F Inert N Vit Inert F VitiC Inert VE VitVC Inert
Witrinite 55.18 61.64 5543 59 56 6263
Inertinite 5278 51.14 3710 39.13 4325
Dark Minerals 57.60 55.08 44 57 44 91 50.69
Bright minerals 49.61 £9.87 37 36 5827 37.81
Cummulative % passing 1mm
R1131 R1132 R1134 R1135 R1133
VC VIt'VE Inert C VILF Inert N Vit/N Inert F Vit/C Inert VE VitV C Inert
Vitrite 61.32 71.51 70.03 76.00 79.20
Inertite 78.01 62.79 6358 7395 49 68
Mmerals 58.66 99.44 6823 99.97 68.83
Vitrinite rich 50.41 57.01 4797 5280 M7
Inertinite rich 5214 46.77 3454 3267 41.36
Mmeral rich 73.73 71.92 4862 61.33 46.90

Ch. 2 Solid Fuels by Prof. Jeon
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Cocking coals

CSR-CRI relations for the cokes prepared in this study compared
 with the typical relationship observed for cokes prepared in the

RCO
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Volatile matter of macerals

&80 - 70 \
70 Inertinite : \ soft brown eoal
- - — - Vitrinite : 50 \
------ Exinite ’
5= a0 \
z 50
£ 50 1!
@ \ Hard Brown coal
: P
5 40 A E 40 Gas flame coal
: T 2T\
s ’ 4 ) 3
5:30 P = a0 \ Gas coal
z - > \
T
20 D ‘\ Fat coal
. 20
L
10 oz \
Farge m?l
0 10 \\ Lean llzual
0 10 20 30 40 ~L Anthracite
VM of vitrinite in w.-% T
S : —
anthracite leanand  fat  gas coal gas 0 1 2 3 4 5
forge coal  coal flame rnal B in%
Fig. 2.4 Volatile matter of Fig. 2.5 Comelation of the
macerals as a function of the volatile matter content to the
codal type (Ruhrkohle 1987) reflectance Ry, of vitrinite

(Ruhrkohle 19587)
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Volatile matter of macerals
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Fig. 2.6 Reflectance analysis
for coals with a similar
volatile matter content
{Ruhrkohle 1987)

Ch. 2 Solid Fuels by Prof. Jeon
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2.1.3 Reserves of Solid Fuels

Total resarves 728 TCE
(Total resources 9,387 TCE)

TCE: Thousand million tonnes of coal equivalant
Fig. 2.7 Distribution of coal reserves and resources (data from BMWi 2008)

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Coal production and prices
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Table 2.5 World coal production and exports (in million tonnes) (IEA 2006)

Production 1980 2004 2015 2030
OECD North Amenica GE7 1080 1,248 1.376
OECD Europe 1,163 834 835 a0s
OECD Pacific 183 300 450 453
Eastern Europe 842 736 09 707
Africa 93 193 211 248
China 626 1.881 3006 3.E67
India 114 441 636 1,020
Asia, other countries 64 202 295 419
Latin America 18 34 44 63
Total 3,822 5,558 7328 H.558
Export 172 619 19 a75

Fig. 2.9 Price trend of hard
coal in comparison to oil and
natural gas {data from BMWi
2008)

Euro/ TCE (German border)

Fig. 2.8 Coal consumption in
the power generation sector

and other sectors (data from
IEA 2007)
3&0
300 Crude of_ ,__/
250
Matural gas
200 LS
150 f’hu
T 7
coal
19590 1995 2000 2005 2010
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2.2 Renewable Solid Fuels

2.2.1 Potential and Current Utilisation

| Renewable Biopower: an example

Electric Net Summer Capacity (Megawatts) in USA

8,000
Lignocellulosic and derived material
4,000 Msw —
2,000 . . . . .
2003 2004 2005 2006 2007 2008 2009 @ hipdlwww.eia.doe.gov

MSW can be directly combusted in waste-to-energy facilities to generate
electricity. Because no new fuel sources are used other than the waste that
would otherwise be sent to landfills, MSW is often considered a renewable

power source. Source: http:/flwww.epa.gov
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2.2.1 Potential and Current Utilisation

Processes for solid fuel use

Process Solid fuel Main products

m Monomer ]

[ Pyrolysis

Gas/ liquids ]

Plastics

P

{ Gasification Biomass

%

CO and H,

Coal

Plastics |
[ Combustion { CO, and HZOJ
| Coal _

Ch. 2 Solid Fuels by Prof. Jeon
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Biomass Status
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Biomass Status
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Biomass Production Flow
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Biomass — three main components

Biomass is all plant and plant-derived material and
consists of three main components (~90%): two
carbohydrate polymers, cellulose and hemicellulose,
and lignin. The extractives are of less importance and

vires e mlest tlaes A st oF aslhmes b

Lignin SZ2 A

Cellulose 224

Lignin

Extractives

Ashes
Adapted from: N. Mosier et al.,
Biores.Techn., 96 (2005) 673-686

Maoisture
}

Hemicellulose Y S 8R4
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Biomass — three main components; Cellulose

Cellulose mechanism

Cellulose is the structural component of
the primary cell wall of green plants.
Cellulose is a chemically homogeneous
linear polymer of up to 10,000 D-glucose
molecules with brute formula (C;H,,05),
In principle a modeling approach similar to
those of plastics can be applied, but...

Levoglucosane

/ Gases

Tars
Activate r
Cellulose
Cellulose —
H,O
r ,,
* Char

CELL > CELLA k = 8x10" exp (-46000/RT) [s7]
CELLA = 0.95HAA +0.25 CHOCHO + 0.2 CH,CHO + 0.25 HMFu + 0.2 C,H,CHO +0.16 CO, +
023CO+09H,0+0.1CH,+0.61Char k = 1102 exp (-30000/RT) [s]
CELLA > LVG k = 4xT exp (-10000/RT)  [s7]
CELL = 5H,0+ 6 Char k =8x107 exp (-32000/RT) [57]

E. Ranzi et al., Energy Fuels, 2008, 22 (6), 4292-4300
Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Biomass — Cellulose

Validation example

dynamic runs isothermal runs at different
temperatures
0.5
1 I Levoglucosan
0.8¢ 0.4
— | =
Z 06l € 0.3
g ¢ £
2 D.'q" rs)
o | 202
o
0.2r
- 0.1
n 1 L . —
250 300 350 400 450 500 3550 600 A
Temperature [ °C] 300 400 500 600
Temperature “C
1°C/ min Antal et al, 1998 Data: from Radlein D., Piskorz J. (1991):

10 °C / min Antal et al, 1995

10 *C / min Scares et al 1998

80 °C / min Antal et al, 1998

4 80 °C/ min Koufopanos et al, 1989

© 1000 °C /min Milesavljevic and Suuberg, 1995
¢ 1000 °C/s Hajallgol et al, 1982

= B O <
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Biomass — three main components; Lignin

Lignin
HCOM
HGOR
HCOH
H,FOH
R
o e
CH o
H,COH HCOH
¢H
&H Q o
H,CO HCOH HDHJL-I!'.I-I-EH:I H;GJ “eH
|

I
I-!L; —CH

H

HyCO
HyCO

N0

Cﬂumaryl\‘
< }f A

Conift QIH
onife
§ ry

OH

Sinapyl

]

Adapted from: Adler E.. Wood Sci Technol 1977;11:169-

Ch. 2 Solid Fuels by Prof. Jeon

OGH,

Lignin is a complex chemical
macromolecule with a molecular
mass in excess of 10,000 u.m.a.,
whose function is mainly to
spaces cellulose and
hemicellulose. It is linked to
hemicellulose conferring
mechanical strength to the plant
as a whole.

In the structure there are three
monomers, methoxylated to
various degrees: p-coumaryl,
coniferyl, and sinapyl alcohols.
The linking between the
monomers highlights the
presence of some specific
groups and in particular of

/@\ p-aryl ether (p-O-4)

Power Gen. from Solid Fuel



106
Biomass — Lignin : Triangular decompositions

Lignin mechanism

S
9'3595:1 The triangular decomposition

oo 3 pseudocomponents, (a sort of
D/R functional groups) whose composition
o]

f ﬂ/@/ varies according to the relative carbon,
LIG- ﬁ J%A B, oy 0% hydrogen and oxygen content.

LIG-H

LIG-C, LIG-H and LIG-O: where LIG

GH oo “ stands for lignin and C-H-O the relative
ases oH richness in one of the elements. They
K C,H,,05 C,.H, 0.(0CH,), C,H,0,OCH,), alsoaccountfor the differences in the
LIG.C LIG-C LIG-O LIG-H degree of metoxylation
7.0
" LIG -H
3 6.6
LIG-C = 0.35] ¢
G{CH,O} + 3.7. i 621
LIGH = LIG,, g
LIG-O = LIG,, §
LIG,, = 03C £38]
06 C,H, + G{C -C
LIGy, = LIG+ 5.4 LIG -
+0.1G{H,} +4
:::g = Eigmg 50 T T T T . -Jakab et al., J Anal Appl Pyr 1997;40-41:171-86
= + - Ullmann’s encyclopedia of industrial chemistry,
0.6 CH, +0.6! LA ﬁgamm?ﬁ da;ﬁ 675 70 Wiley- vCH, 5th ed

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



Biomass — Hemicellulose
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Hemicellulose mechanism

hemicellulose is a complex mixture of many different
sugar monomers like xylose, mannose, galactose,
arabinose, generally being xylose the most abundant.
It has a random, amorphous structure with relative little
strength. It is the component in the biomass with the
highest char formation tendency

Xylose  Gases
" ]
— HCE1 » Char
HEMICELL — Gases
+ HCE? G{CO,;} , COH;

G{CH,0} ~ CO,

100
80
3 60

wl

o 40
o

HCE > 0.4 HCE1+ 0.6 HCE2 k= 1x101 exp (-31000/RT) [s]
HCE1 > 0.75 G{H,} + 0.8 CO,+ 1.4 CO+0.5CH,0 +0.25 CH,OH +
0.125 C,H,OH + 0.125 H,0 + 0.625 CH, + 0.25 C,H, + 0.675 Char

k= 3x10° exp (-27000/RT) [s]
HCE1 > XYLOSE k= 3<T exp (-11000RT)  [s7]
HCE2 > 0.2 CO, +0.5CH, +0.25 C,H, + 0.8 G{CO,} + 0.8 G{CH,0}
+0.7 CH,0 +0.25 CH,0H +0.125 C,H,OH + 0.125 H,0 + Char

k= 1x101 exp (-33000/RT)  [s]

20

CoH

O H HO H
H H
OH OH H
OH H OH
H H OH
Manmose galactose
H
on HO o
oH' H B HO
OH H H
OH OH H
xylose arabinose
80 *C/min
5 *Clmin
L]
0 200 400 600 800
Temperature [°C]
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Biomass Volatilization

LIGNIN

I L -~ h
a CELL .~ Almond |/ \
A ! N HEMICELLLL OSE
HEMICELLULOSE - HECEL _‘.ﬂk oftwo
Pine . ," A C CELLULOSE
wood| "« i
4 - > -
CELLULOSE

Hydrogen (%wt)
[}
un
-
B
7
E

!
LiGlog™ 33
1 1 ]
1 - %40 50 60 70
Almond shell Carbon (%owt)
. 0.8 HR 2°C/min
E Three components S1, S2 and S3 are the
o 06 vertexes of a triangle which include most
S 04 of the compositions of biomasses.
20
e Hemicelluloss So0e o
0.2
Celluloze
0

200 400 600
Temperature °C

Data from: Caballero J., et al., 1997
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Biomass — Heating rate effect

.1_

0.8 95 "Clmin 0.8
2 06 5 °Cimin 0 .6-
8 o4 0.4
0.2 0.21
Swedish pine
D T T T T T T T D T T T T T T T
50 250 450 650 50 250 450 650
Temperature [°C] Temperature [*C]
Data from Sommariva et al., XXXI ltalian Meeting on Combustion, 2008
11 11
0.81 60 °C/min 0.81 60 °C/min

§ 0.6- 10 °C/min 0.6 10 °C/min
w
2 0.4 0.4

0.2 0.2

Softwood Hardwood
D T T T T T D T T T T T
0 200 400 600 0 200 400 600
Temperature [*C] Temperature [°C]

Data from Garcia-Pérez et al., J. Anal. Appl. Pyrol. 2007
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2.2.1.1 Biomass from Farming and Forestry

Table 2.6 Biomass potential and utilisation in Germany (Schneider 2007)

Potential Utilisation Potential/PEC Unhsation/PEC
in Pl/yr Share in %
Residual forest wood 169 147-165 30 1.0-1.1
Small wood 123
Additional forestry 132
wond
Wood industry 57 51 0.4 04
residuals
Waste wood T8 62 0.5 0.4
Other woody biomass 10 1 0.1 0
Straw 130 3 0.9 0
Grass, other 4877 0 0406 0
Energy crops 365 0 2.6 0
Total 1,112-1.141 261-279 T.8-8.0 1.8-2.0

PEC: Primary energy consumption

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Table 2.7 Biomass potential, current utilisation and share of PEC in different regions of the world
(Schneider 2007; Van Loo 2008; Kaltschmitt et al. 2009)

Morth Latin Middle Former
America America Asia  Africa FEurope [East sU Total
Potential [E.J/a]
Wood 12.8 50 1.7 54 4.0 04 54 41.6
Herbaceous 22 1.7 0.9 0.9 1.6 0.2 0.7 17.2
biomass
Dung 0.8 1.8 2.7 1.2 0.7 0.1 0.3 7.6
Biogas (0.3) (0.6) 0.9 (04 (0.3) (0.0) (0.1) i2.6)
Energy crops 4.1 12.1 1.1 13.9 2.6 0.0 36 374
Total 19.9 21.5 214 214 89 0.7 10.0 1038
Current utilisation [EJ/a]
Trad. 1.2 225 97 334
biomass
Modemn 4.1 24 36 23 34 0.7 16.8
biomass
Total 4.1 X 26.1 12 34 ] 0.7 0.2
PEC [EJ/a] 1204 21.8 1548 25 78.9 19.5 46.5 473
Utilisation/ 3 17 17 48 4 0 2 10.6
PEC [%]
Potential/ 17 o8 14 86 11 | 22 22
PEC [%]
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2.2.1.2 Wastes
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Waste
RDF

undesirable
3%

Source: European
Commission. Refused
derived fuel, current
practice and perspectives,
2003

wood
4%

volatilization
MSW

glass
5%

1
0.8 95 °C/min
ENE 5 °C/min
o
]
o D4 T
0.2465(%wt) PE;
0 35(%wt) Swedish pin
50 250 450 650
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Temperature [°C]

Source: EPA Municipal Solid

waste generation, recycling
and disposal in USA: facts and

figures for 2008

Data from Sommariva et al., XXX/
ltalian Meeting on Combustion, 2008
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2.2.1.2 Wastes : plastic and others

Main plastic degradation paths

Typical result of thermogravimetric analysis (TGA) of main plastics

10 - I
~Plastics 0.8t B
Polyethylene (PE) § 0.6 5\ PE
Polypropylene (PP) @ op /
Polystyrene (PS) =04 ~
Polyvynilchloride (PVC) 0.2 — e
Mixtures 0 ! )
200 300 400 500 600~ - _T00.- -~
1 8
¢ 08 c\t\l’%’
Tos—PVE
$ =" =l
- D 4 L i S
{ [°90a . A==
02 S I LI:Kr--_..;.__, \;-—n- :
S~ '-‘o_\j’- - -

200 300 400 500 600 700
Temperature °C
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2.2.1.2 Wastes : plastic structure

Side group Plastic

H PE

CH, PP

' [ ] PS

O Hydrogen ® cabon .~ C-Bond . Side group CI PVC

Plastic volatilization is a liquid phase radical mechanism with two main pathways:

o ) Light gas products (monomer, dimers, ...)
Depolymerization— Molecular weight decrease —[ ) _
Tars and Waxes (oligomers and polymer chain fragments)

_| Volatile products
Side Group— Elimination ——Chain modification = Cna"
(unsaturations) scission
Cross linking =— Cyclization = Char residue

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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2.2.1.2 Wastes : plastic structure - depolymerization

Side group mechanism

2

H-abstraction ¢ - m
200

200

intramolecular
Diels- Alder

¥

initiation

DS

;

p-scission

Frrl
e

e O
intermolecular
Py k
Diels- Alder = =~~~ * =iy V%
addition N T N k
+ “ \/C.:‘,\
p-scission ky . e
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2.2.1.2 Wastes : plastic structure — depolymerization model

PE PP
1 Bockhomn et al., Ranzi et al. ' ' . I‘C‘ '_
g 0.8 Ranziet A 994 11:3“;19[]_'('3|[j,jrmin | B
= 06 al., 1997
8 A 10 *Cimi
© 04 Muchia, 1976 g A i
) o] 8 °Clmin @
0.2 heating fate | o r Ranzi et al_,
0 10 *Ciémin N 1997
400 440 480 © 520 400 440 480 520 360 400 440 480
Temperature [*C] Temperature [*C] Temperature [*C]
Alkene products from PE Products from PS
1 = 30
: =
80+ . ey T=500°C = 80 Styrene p!
g a0°c] S 9 =" /
= 1 400 °C E 5 60 Bouster
@ 18 g 390 °C = =
= 4[]_ 280 “C 2 10 3 40 et al., 1989
= Bockhorn 4 = . .
e etal, 1998  370°C - =9 Dime Trime
K 360°C 3 0 = 0 -
0 4000 8000 0 4 8 12 16 20 24 500 600 700 800
Time (s) C atoms Temperature (*C)

Faravelli et al., J.A.A.P., 52 (1999) 87-103 Faravelli et al., J.A.A.P., 60 (2001) 103—121
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State of Artin PNU and KIER
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State of Art in PNU and KI

e3

R

=JIAE HIJIZ2 HANSSE 24 2L AISd0IHE S8 X E2EI =
A gl A
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State of Artin PNU and KIER

= |gnition & burnout temperature : The temperature of 0.1mg/min(DTG)
» T, temperature : The temperature at the minimum DTG value =Maximum temperature

= Reaction rate : Slope between T, and T; as a function of temperature

05 -
100 1%°
80 130
108 1,7
s 0-55 2o§
C— DD‘
o 60 El10E
41091 Q
%1 2
40 ]
{145 17°
20 1-20
) 1 ) 1 . I ) 1 L 1 . [ :_30
0 200 400 600 800 1000 1200
Temperature ("C)
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State of Artin PNU and KIER

Reaction rate and kinetics

—E —-E
[ = __k 7zr3 P h k = Aexp(— Ink=—+1InA
o= =KAo L e D) = Ink=—=+1n

A : pre-exponential factor [1/S],
E : Activation energy [kJ/kg]

Coats-Redfern method (CR)

1—(1—a)t " AR 2RT E
) — In | = e .
100 12k :Sbilzﬁljego:;a?%QzQCﬂ:I
i —&— single coal QC
80
. ' gy
é 60 B %
[| e ZzQ:QC=5:1|* ot
E 40 —a—70Q:QC=2:1| | =
v — ZQ:QC=1:1| | -16 +
20H * ZQ:QC=1:2
[|—> ZQ:QC=1:5
0 +QC 1 A 1
0 200 400 600 800 1000 1200 0000 00012 0004 00016
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State of Artin PNU and KIER

* Pyrolysis process : N2 condition, up to 1000 C @ 20 C/min

T T T T T T
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State of Artin PNU and KIER

R

* TGA-DSCE 0|E8t HJ|2 A=l E=oll & A FSH AL

* Oxidation process : Air condition, up to 1000 C @ 20 C/min

T T T T T T T T T T T T T T T
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Table 2.8 Amount of wastes in Germany (Becker et al. 2007)

2002 2003 2004 2005
Waste volume 1000 ¢
Total 381,262 J66.412 339368 331.876
Building rubble and 240,812 223389 187478 184919
demolition waste (incl.
roadway rubble)
Mining spoil 45461 46,680 50452 52,308
{non-hazardous waste)
Wastes from production 42218 46,712 53,005 48,094
processes and industry
Municipal wastes 52,772 49622 48434 46,355
All values in thousands of tonnes

Municipal Solid Waste
46.5 Mil. Mg

Mixed householde waste,
Househ . waste like

Household waste
commercial waste,

separate collection

bulky waste
21.2 Mil. Mg
Recycling Landfill | Treat- Waste
25.0 Mil. Mg 4.0 ment | incineration
Bio waste 3.8 [ Mil. Mg 4.2 12.8 Mil. Mg
Garden residues 3.9 Mil. Mg
Glass 36
Paper 7.9
Flastics 4.6

Fig. 2.10 Amount, utilisation
and disposal of MSW in
Germany in 2005 (data from
BMU 2007a)

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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2.2.1.4 Sewage Sludge

Mass reduction

= 100 > 808T% » -45T4% > ca-50% > 100
& I Ash _

% 80- I Combustible
e [ water

5 |

E 60 Return to sewage plant - 60
o

£ N

2 4 External drying with 40
5 _ , utilisation of condensation heal |

g 2041 00000 | e % a0
o | i } Emission via stack

R S e a—

Wet Dewatered Dried Burned
5%DS 2545 % DS 95 % DS > 95 % ash

Fig. 2.11 Effect of treatment on the volume reduction of sewage sludge (Gerhardt et al. 1996)

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



2.2.2 Considerations of the CO2 Neutrality of Regenerative

Kuels
Fig. 2.12 Breakdown of the Harvest )
CO- emissions in Miscanthus B9 Preparation
processing (Kicherer 1996)
Transport
13% Field work
2%
Plant
breeding
1% o
r.k*x.
AN
MNoO—emissions R
20% \
\
Fertiliser “x\\
28% S
i production —
E 22+ combustion —
" 50 total ——
g —cedit | =
Fig. 2.13 CO; emissions —
from the combustion of -100
Miscanthus and hard coal Hard coal Miscanthus

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



2.2.2.2 Harvest Ratios
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Fig. 2.14 Harvest ratios of various biomass types (Hartmann and Strehler 1995)
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2.2.3 Fuel Characteristics of Biomass

2.2.3.1 Biomass from Farming and Forestry

Table 2.9 Components of biomass (% by wt) (Kicherer 1996)
Lignin Cellulose Hemicellulose Ash Other

Hardwood 26-31 4048 19-25 | 3
Softwood 2225 3543 21-30 | 3
(coniferous
wood)
Wheat straw 18 32 37 b 5
Miscanthus 18 40 4 3 7
21
=
ﬁ 18
= wiood
L 45 f/fha:mymd
é /snﬁwnnd
212
_E
9
o straw
§ rya siraw .//
5‘—harlaystraw
3 T T 1
Q 10 20 a0 40 a0 &0
Maoistura [%]

Fig. 2.15 Calorific value as a function of the moisture content

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel
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Straw

Brown coal

Fig. 2.16 Volatile matter.
residual char and ash contents
of various biomasses

and coals

Table 2.10 Fuel composition of biomass types (Kaltschmitt 2001: Lewandowski 1996: Hartmann and Strehler 1995: Clausen and Schmidt 1996; Obernberger
1997; Spliethoff et al. 1996)

Hard coal Brown coal
Straw Wood Miscanthus Whole cereal plants (comparison)  (comparison)
Typical Typical Typical Typical
value Range value Range value Range value Range Gottelbom Fortuna
Moisture content 15 10-20 45 20-60 20 10-30 15 10-20 7 53
[%]
LHV, raw [MJ/kg] 14.8 125-164 96 5.7-15.5 140 11.2-16.6 149 12.5-16.6 279 8.7
LHV, dry ash-free 18.7 17.5-19.0 19.5 18.5-20.0 18.5 18-19 18.7 17.5-19 30.2 222
Ml/keg]
Ash % dry 4.5 37 0.5 0.3-4 25 1.5-5.0 4.0 3-7 8 9
Volatile matter % 78 75-81 80 70-85 80 78-84 78.0 75-81 35.1 53
dry
(¢ 47.0 46-48 50 49-52 48 47-50 47.0 46-48 74.3 62.8
H 6.0 54-64 58 5.2-6.1 6.0 52-65 6.0 53-68 ~] 4
N 0.5 0.3-1.5 02 0.1-0.7 03 0.1-04 1.4 04-1.7 1.5 0.5
S 0.15 0.10-02 005 < 0.1 0.1 002-0.13 0.1 0.07-0.11 1 0.5

. cl 0.4 0.1-1.1 002 < 0.1 03 01-04 03 0.25-0.5 0.2
Ch. 2 Solid Fut o difierence) 415 434 428 412 95 232
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Fig. 2.17 Ranges of nitrogen. 80D e coal
sulphur and chlorine contents ] [s] Straw
in biomass compared to 700+ EZEX] Miscanihus
hard coal | A Eﬁ:;‘dﬁe lant
600 4 [ ki
_r"/
5004 |- §
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= 300- E Z N
{ Bk % \
200- E 1l %
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Ch. 2 Solid Fuels by Prof. Jeon hardcoals | | woods samples
Fig. 2.18 Ash fusion temperatures of various biomass types
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Table 2.11 Ash composition (%) of a woo Table 2.13 Energy densities of various biomasses
brown coal type

Density Lower heating value (LHV) Energy density
Straw SE Fuel o [ke/m’] [M/kg] [Gl/m’]
i'l':% ﬁg—;g 23 Straw, large-size 150 144 22
&203 117 . cubic bales
Cazl} : 047 17 Straw, chaff 70 144 1.0
MeO l-Tﬁ 5 Straw, pellets 520 144 1.5
Na, 0 0.20 1 large-size
S0, 0.98 3 cubic bales
TiO, 0.10 0 Miscanthus, 130 144 1.9
Zn0 0.00 0 large-size
Pg ':|'5 2.25 3 cubic bales
Wood chips 250 153 3.8
Hard coal 870 28 244
Brown coal 740 10 74

Table 2.1z vensines (at a moisture content of 13% ) ol vanous biomasses (Kg;/m™ ) ( Kicherer 1996;
Hartmann and Strehler 1995)

Biomass Density Bulk density
Herbaceous Large-size cubic bales Round bales Chaff Pellets
biomass:

Straw 150 120 T0 520

Miscanthus 130 120

Whole cereal plants 220 190 130 360

Grain Granon 700

Wood Cordwood Chips Pellets
300500 200300 650

Ch. 2 Solid Fuels by Prof. Jeon Power Gen. from Solid Fuel



132

2.2.3.2 Wastes
Table 2.14 Composition of residual MSW (example) (Hoffmann 2008)
Fraction
of waste Moisture LHVY
Fraction [wife] [wife] [kJ/kg]
Organics 35.0 65.0 7000
Paper. cardboard 8.0 25.0 11,000
Wood 3.0 31.0 15,000
Fine fraction 19.0 23.0 3,500
(- 10 mm})
Combined 6.0 12.0 12,000
materials
Other 5.0 5.0 6,000
Textiles 4.0 28.0 14,000
Plastcs 10.5 6.0 22,500
Fe metal 2.0 L] 1]
NF metal 0.5 0 0 istics and the composition of residual MSW in Germany
Glass 3.0 0
Minerals 3.0 0 0 - .
Pollutants 1.0 0 5000  ion behaviour Heavy metals (g'kg
Average 33.0 8438  ash) ("C) maw)
H=42 Ueformation temp. 1,100 Pb=0.6-2
S 0.2-0.7 Fluid temp. 1,260 Cu=0.12-0.78
= 17-30 water free Fe = 10100
_I]3—I]45 fn=04423
=0.5-1.5 Sn = 0.05-0.32
Cr=0.02-0.88
Ash =125 Bulk density in kEJ""'"s Cd = 0.003-0.012
Moisture = 30 Ba = 0.084—1.225
Combustable = 45 Bulk 90120
Ch. 2 Solid Fuels by Prof. Collection vehicle 350350

LHV=8.300-10500 k] /kg Receiving bunker 200-300
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2.2.3.3 Refuse-Derived Fuel (RDF)

Fig. 2.19 Lower heating China
value of waste in different Kaorea
countries {(Sowrce: Martin) Brazil ) —
Taiwan
Singapore
Japan
Europa
UsA
Switzerland
Garmany
Francs ——
Scandnavia —
Table 2.16 Composition of various RDFs, showing the influence of the input material (Fehrenbach et al 2006)
Municipal solid waste Household-like commercial waste
hef DS DS Rich in paper
MBT MBS MPT  and cardboard Rich in plastics Bulky waste
Input material Input RDF Input  RDF Input  RDF Input RDF
Moisture [%] 338 10.7 14.8 14.7 21.1 7.8 20.2 74 19.5 138
Carbon, fossil [%] 10.1 276 171 16.9 11.2 239 15.1 314 114 17.3
Carbon, organic [%] 128 194 215 21.7 14.9 23.3 129 19.3 223 285
Chlorine [ %] 048 0.62 0.78 0.77 0.85 0.9 143 1.6 0.17 0.13
Sulphur [%] 0.2 017 0.25 0.25 0.27 0.15 0.27 0.15 0.14 0.08
Cadmium [mghkg] 67 703 6.7 6.6 11.6 9.8 19.4 18.8 29 1.42
Mercury [mg/kg]l 024 024 027 026 027 0.27 0.5 051 0.1 0.074
Antimony [mg/kg] 11.7 126 825 82 119 129 15.1 18.1 20.7 745
Arsenic [mg/kg] 32 2.1 224 22 28 By J 29 1.65 53 1.68
Lead [mgkg] 204 168 228 127 356 189 436 284 112 76.7
Chromium [mg/kg] 256 290 332 329 267 342 274 344 120 439
Fe metal (%] 341 0.01 0.01 0.01 27 0.008 27 0.001 8 0.01
Non Fe metal [ %] 0.39 002 0001 0002 04 0.0012 04 0.001 0 0.001
LHV [MJikg] 9.6 21.6 17.4 17.4 11.2 21.2 11.8 233 13.7 194

Ch. 2 Solid Fuels by | MBT: mechanical ~ biological reatment, MBS: mechanical — biological stabilisation, MPT: mechanical — physical treatment (drying),
hef: high calonific fraction from MBT, RDF: refuse-derived fuel
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Fig. 2.20 Calorific values of 4— Dry Solid Matter Content in % (DS}

municipa] SEWE.gES].I]dgE 100 90 80 70 B0 50 40 30 20 a“J D
(Gerhardt 1998) 24

=+ 22

205

:132

Ash content In % (daf)

‘ingineration

LHV in MJikg

Table 2.17 Fuel composition of sewage sludge (Gerhardt et al. 1997; Gerhardt 1998)

Dewatered sewage sludge
Typical value Hard coal  Brown coal
Moisture content [%] 55 (dewatered) 7 55
5 (thermally dnied)
Lower heating value 3.6 (dewatered) 27.9 8.7
(LHV) raw [Ml/kg] 10.2 (thermally dried
Lower heating value 30.2 22.2
(LHV) dry [MJ/kg]
Ash % dry 8.3
Volatile matter % dry 34.7 50
Fixed C dry 57 I8
[ 725 63
H 5 4
N 1.3 0.5
Ch. 2 Solid Fuels by Prof. Jeon 8 09 0.5
Cl 0.2 0.1






