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First uses of coke In a blast furnace In

Q Abraham Darby first used -
coke in a blast furnace in
1709 80

Q Proportion of blast furnaces >’
working with coke increased

rapidly during 18 century 0

O Today nearly all blast
furnaces are using coke
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charcoal in Brazil

> Coke rates decreased gradually
from 1000 kg/thm to 250 kg/thm

17501760
17751780
1785 1790

Blast furnaces in the UK

(+ coal injection at the tuyeres) during second half of 18t
> Some blast furnaces use century
B Total
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Beehive coke ovens in 18™ century

O Beehive ovens were used to produce ——
coke in the 18™ century \

» Such kinds of ovens were still
used recently in some countries  ji:
(China for example)

-
S s
£ g
Q o
O =
08
g3
o
o
c 3
s>
o 2
s S
)
(oL
wn
0 S
D:G)
=
o5
g O
QO +
> <

.‘C:_':f-;:”

SunCoke document
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Development of coke oven technology ‘cpm
end of 19th century

~._ (From K. Kobus, Mc Master University)

— All rights reserved for all countries

CONFIDENTIAL — Privileged Information - CPM 's proprietary information

+—
T S
E(ti
c
Q o
O =
08
g3
o
o
c 3
s>
o 2
s S
)
%o_
S
o
5 5
0 e
g O
D +
> <

© 2016 — Centre de Pyrolyse de Mal
Cannot be disclosed, used or reproduced without prior written specific authorization of CPM

More than 6 5

Pyro2016 09/05/2016 D. Isler 4






. . ‘c m
The coke oven technology in the first ...
half of 20t century

O Many kinds of coke ovens were constructed especially
In Belgium, in the UK and in Germany

> Regenerator ovens
> By-products recovery: gas, tar

> Many gas plants: coking plants to
produce town gas

> Size of ovens: 3-4 m high
> Smet, Coppee, Koppers types

> Development of coke oven
machines: charging-car, pushing | P g B
machine b iR

> There was no machine coke i
side: no coke-guide, no coke-car

(From K. Kobus, Mc Master University)
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Development of coke oven technology

‘ IthTR[ DE PYROLYSE DE MARIENAL

end of 20th century

Years of Research and Development
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Example of a modern coke oven battery : Dunkerque battery 7 started in 1997

Pyro2016

™ (1200-1300°C) T

g e e oe v

Cannot be disclosed, used or reproduced without prior written specific authorization of CPM

Walls in silica
N bricks

CONFIDENTIAL — Privileged Information - CPM 's proprietary information

(e e PR L EEGRE LT k
i | 1I|'l__.. _'.# e L - T g '.I_'._“ .. -r

L

09/05/2016 6





c I|',I|<| DE PYROLYSE DE MARIENAU

The tall ovens in the 1970s

d At the beginning of the 1970s, the tallest ovens were
built in Fos-sur-mer (France) ;
> 2 batteries with total 108 ovens
> Dr. C. Otto design (Germany)

» Dimensions:
v Height: 7.6 m
v Length: 15.8 m
v Average width: 438 mm

ntries

erved for all cou

d without prior written specific authorization of CPM

, rr
CONFIDENTIAL — Privileged Information

- CPM 's proprietary information

nau — All rights res

+—
S s
ECES
c
S )
O =
o S
g3
S
e
c 3
s>
o 92
= 5
@
(DD'
wn
IS
X o
5 E
o 5
g O
QO +~
> <

> These batteries were operated for many years at very high
production rate: 160 pushes per day with one set of
machines
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Ruhrkohle AG Kaiserstuhl 11l in C‘P
Dortmund at the beginning of the 1990s

Q A significant step in the coking plant technology

>

YV V V

YV V V V

2 batteries of 120 ovens, 2 million tons of coke per year
Wide ovens: 610 mm, long -;. pers: 18 m, te '
Special heating system to reduce NOx: X
A co-production by a cons@"i‘hu n of
constructors: Didier Englnaaf g%;:"‘ oJe
The best German technol 'v;..- |
Dust removal e
Leakage gas extraction
Flue gas recovery

Coke dry quenching, etc.
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Q Kaiserstuhl Il has been shut down in 2000, sold and
rebuilt in China! (Yankuang, Jining, Shandong province)
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Single Chamber System in the 1990s

Prototype in Bottrop
(Ruhr, Germany)

ad The Jumbo Coking Reactor prototypes (Bottrop,
Germany, 1993, European Euréka prOJecI)

> 2 prototypes built in Essen :
v 1 with conventional regenerators below the oven chamber

v 1 with side-arranged regenerators both sides of fhe Qveng b
heating walls. This prototype had t0 be taken out Gf
operation due to technical problems ‘

» The prototype with conventlonal regener’ator‘s was

operated for5years g
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prototype), width=850 mm

v Preheated coal was charged to reach a coking time of
about 25 h

v Nearly all European coal blends have been tested

v Dimensions were: height=10 m, Iength 20m (10mfor fﬁe“
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The Jumbo Coking Reactor and the @
Single Chamber System

A The Single Chamber System concept
> Single rigid reactors

ithorization of CPM

r all countries
y information

1
2
|

[
. T T )
- > Charged with pre-  |¢ .
2 3 & .
8§ heated coal & MULTICHAMBER \&H
o & (%] =
¥ - — . &
Sg WETCOAL 48§
2 ¢ CHARGING £
S &2 {|5] 525
B¢ I I
? @ > 2-product techno- B s
o _ - [E]a E FEE:
5 £ logy: cracking of (ElE| &l [
o8 Nl e &
g2 raw gas {5 Elie &=l [ %
5 15l =l o J
LO) Rigid walls and g Gllel .
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d®) double heating 1EEE H % |
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g coking chambers
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Today’s coke oven technology

a Very high majority of coke ovens are slot-type
(conventional) ovens with by-product recovery

A The Single Chamber System did not develop, no one
wanted to take the risk to build the first battery

O The dimensions of ovens seem to have reached their
technological maximum (7 to 8 m high)

O Chamber widths are 590-610 mm maximum but most
batteries have less than 500 mm wide chambers

Q KBS Schwelgern coking plant in Duisburg is state-of-
the-art plant for wet gravity charging

Pyro2016 09/05/2016 D. Isler
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The KBS Schwelgern coking plant in
Duisburg (Germany) started in 2003

Q State-of-the-Art coking plant built at
the beginning of 21st century

> Very big ovens: H=8.4 m; L=20m;
W=590mm:; useful volume=93m?3

> Top charging battery

H
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> Pressure regulation: PROven technology |

> Special technology for wet coke
guenching: CSQ (Coke Stablllzed
Quenching) -

maAEER )
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Coke oven charging techniques

a Productivity increase: charging of dried coal blend

> Moderate drying at 5-6% moisture: CMC (coal Moisture Control) -
to slightly increase charge bulk density in Asia, not in Europe

> Dried coal at 2-3% moisture: practiced in the 1960s to increase
productivity (increase of bulk density and reduce coking time)

> Preheated charging at 250°C in the 1970s: productivity doubled
but operating issues (dust, pressure in ovens). Technique was
abandoned!

O Bulk density increase of oven charge

> Partial briquetting: briquetting of 30% of the blend with a binder,
many studies in Europe, but not implemented

> Stamping of the whole charge in a box before oven charging:
bulk density is about 50% higher than in wet top charging
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Coal preheating before charging: a
major step in the 1970s

O Example of Carling coking
plant in Lorraine

> One battery was operated with
preheated coal at 250°C

> Fluidized bed crusher-preheater s
Implemented by CERCHAR

» Oven charging by pipe with HP
steam (Coaltek process)

> Battery productivity was more
than 40% higher than wet
charging
Q At the beginning of 80’s the
battery was converted to

stamp charging
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Coal preheating before charging: a

major step in the 1970s

d A major step worldwide...

> Very high productivity

‘ I: ENTRE DE PYROLYSE DE MARIENAL

> Possibility to use non-coking coals like with stamp charging

> Several industrial processes: Coaltek, Precarbon, Thermocharge :
O But with significant drawbacks

> High operation rate => high battery temperature

» Dust emissions and carry-over during oven charging

> High pressure in the ovens: dry coal behaves like a fluid
Q Finally batteries stopped preheating charging quickly

> Last batteries with preheating in the world: Muroran coking plant -

In Japan, Gary works in USA
> Muroran changed to Japanese dry charging DAPS and Gary

works stopped in 2015
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Coke oven charging techniques: B e
stamping of the coal charge

a Stamping (ZKS Dillingen coke plant, 2010)
> Invented at the beginning of the 19th century in France

> Technique used today in Germany (Saar area), Czech
Republic, Poland

» State-of-the-Art stamp charging batteries in ZKS Dillingen .
(Saar, Germany) constructed in 2010 and 2012 (45 ovens each) -

v~ Chamber dimensions :height: 6.3 m; length: 16.4 m, width: 500 mm

v Coal cake bulk density: 1030 kg/m?3 on dry basis
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Coke oven charging techniques: Q

stamping of the coal charge

0 Stamping
» Very high bulk density (around 1050 kg/m3 on dry basis)

compared to 750 kg/m3 in top charging is very favourable to
coal particles agglutination => Coke cohesion is very good

> Stamping allows to use high proportion of high volatile coals
or poor coking coals in blends

> Special attention must be paid to internal gas pressure or
wall pressure during coking => Tests In movable wall pilot
oven are recommended! 2 =

> Stamping technology is mature
and well controlled for 6 m high
ovens

Pyro2016 09/05/2016 D. Isler
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Automatization of machines

3 Now well developed in European coking plants

a For all machines
> Coke-car
> Coke-guide
» Pushing machine
» Charging-machine

Q Very few workers on
oven top
> Workers wear protective
equipments
> Emissions from ovens are
now reduced as much as possible
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: : Ce L. cpm
Environmental protection: limitation of CFP

diffuse emissions from the oven battery

d Flexible doors
> Implemented in the 1980s by German companies
> Flexible membranes or FlexZed doors from Thyssen Still
Otto to avoid door leakage, especially for tall ovens
O Pressure regulation in coke oven chambers
> Single oven pressure regulation during coking cycle

> To limit pressure at the beginning of coking when steam
and volatile matter escape rapidly

> To avoid negative pressure at the oven bottom to avoid air
entry at the end of the coking cycle
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Environmental protection: limitation of c

diffuse emissions from the oven battery

Q Pressure regulation in the coke oven chambers
> Two technologies are now operational:
v PROven (DMT) and Envibat (TKIS) in Germany (similar technologies)
v SOPRECO (Paul Wirth, Italy)

> In both cases the principle is to regulate the pressure at the
goose-neck of each oven with a special valve

pressure Gas Pressure in Oven Chamber and in Collecting Main
controller
Pressure measurement line - T pneumatic
NH;-water |_ l ] cylinder ] mMWG
=g control valve =)
’ - Fast flooding pipe

standpipe

/ pressure in collecting main

B 0 VAl D LT ----‘HHHHH
10 T = = 'y I
Il Fixt Cup-valve: i e e s FE S
Ah-Ap I, ..........
2 ot
JI 20% 40% 60% B0% 100%

. S y Lﬁrmﬂm during charging Coking time
o \ ...................... colectirgmelnunderaucion ... oo
e = ments from TKIS: EnviBat)

oven roof J?q}?

gas collecting space

Pyro2016 09/05/2016 D. Isler
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. cpm
Prolongation of coke oven battery C?P

service life

A In the 1970s service life expectancy of tall ovens was

25 years...

d Today, batteries are still in operation (40 to 45 years
after) and life expectancy is 50 years at least... or 60

years in Europe or Japan

> With maintenance and repair
work (partial or through wall)

> Regular inspection of refractory

» Control of temperature and
heating wall leakage

> Wall and metallic parts
deflection

> Batteries have been stopped for

non-technical reasons

Age of cokemaking capacities in European Union in 2016

1| Average weighted age :

28.3years

1-5 6-10 11-1516-2021-2526-3031-3536-4041-4546-50 > 50
years years years years years years years years years years years

Pyro2016 09/05/2016

D. Isler

ntries

orization of CPM

ation

erved for all cou
cific auth
- CPM 's proprietary inform

spe

nau — All rights res

lyse de Marier
duced without prior written
d Information

ed or repro

d, us
CONFIDENTIAL — Privilege

© 2016 — Centre de Pyro

Cannot be disclose

21





Prolongation of coke oven battery
service life

a Development of specific
machines (example Videofil
machine of CPM) to inspect
heating flues

> To check flue conditions before
and after repair

O Battery “apparent” age follow-
up versus calendar age
> Calculated from 4 parameters of
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And what about coke quality?

a High pulverized coal injection (PCI) at tuyeres of blast
furnaces requires higher quality coke
> Coke consumption is very much reduced

> Carbon solution loss reaction by CO, increases
v About 25% for less than100 kg PCl/thm
v About 33% for 200 kg PCl/thm
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> Standardized test CRI/CSR gs &CSo SR
\ o
v Reaction with CO,, 2h, 1100°C o ~_ h 0
X
v CRI = coke reactivity index e 70 S 2
v CSR = Coke strength in I-drum 23 \<\
m 55 CSS3
50
@ 0 10 20 30 40
c CRI, %
g Pyro2016 09/05/2016 D. Isler
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Coke quality

530
a High pulverized coal Sz T
. . . + £ . P =
Injection at tuyeres of blast 235 * R K
i . 8 < 470 - '-.l--:.i %%é
furnaces requires higher
. 450 53<
guality coke 200
> Coke must be more resistantto = =3
- . () < 160 LR 25%
gasification by CO, => CSR 85 . | i R
must be higher. CSR test has = e
been standardized (1S018894-06) .,
. 0 500 e2g
> Correlations between coke >
CSR and working conditions of €& *° e
=& a00 . L 082
blast furnace have been S < Tl
highlighted 8T Fopivs
> CSRvalues of 65% or more are 2 0 i i o o % e %
requested CSR (%]
(From K. Grosspietsch et al., 4th ECIC)
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Coke quality

‘ I: ENTRE DE PYROLYSE DE MARIENAL

O Coke size stability is also very important for blast
furnace operation .
> Coke stabilisation must be .

high to avoid breakage ol "
> 140 index must be high £ oS
» Today BF coke is screened % o I I
at about 40 mm g . .
> 140 index is now measured & T T
on +40 mm coke (instead £ .,
of +20 mm) JER
> Target of 140 is now more 40 ~ 0
than 55 Y ooons ommeoke
(From S. Clairay, Cessid document)
Pyro2016 09/05/2016 D. Isler -
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@m

Conclusions

d Today all European coke is produced in conventional
coke oven batteries (slot type): about 39 million tons
per year. Production was 90 million tons 30 years ago

d The coke oven battery technology is mature. Coke
oven service life is 50 years... at least

O Lots of efforts have been spent on environmental and
health issues. Modern coke plants are now clean

O Coke quality has been adjusted to blast furnace
working conditions, especially PCI

O Bigger coke ovens produce around 20 000 tons per
year per oven (KBS Schwelgern produces 2.75 million
tons per year with 140 ovens)
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		First uses of coke in a blast furnace in 1709

		Beehive coke ovens in 18th century

		Development of coke oven technology end of 19th century

		The coke oven technology in the first half of 20th century

		Diapositive numéro 6

		The tall ovens in the 1970s

		Ruhrkohle AG Kaiserstuhl III in Dortmund at the beginning of the 1990s

		The Jumbo Coking Reactor and the Single Chamber System in the 1990s

		The Jumbo Coking Reactor and the Single Chamber System

		Today’s coke oven technology

		The KBS Schwelgern coking plant in Duisburg (Germany) started in 2003

		Coke oven charging techniques

		Coal preheating before charging: a major step in the 1970s

		Coal preheating before charging: a major step in the 1970s

		Coke oven charging techniques: stamping of the coal charge

		Coke oven charging techniques: stamping of the coal charge

		Automatization of machines

		Environmental protection: limitation of diffuse emissions from the oven battery

		Environmental protection: limitation of diffuse emissions from the oven battery

		Prolongation of coke oven battery service life

		Prolongation of coke oven battery service life

		And what about coke quality?

		Coke quality

		Coke quality

		Conclusions

		Thank you for your kind attention!
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Authentication and quality control of coal for coke
making in steel production by means of Pyrolysis — gas
chromatography/mass spectrometry

Anna-Maria Domke
Andreas Klingberg
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http://www.openchrom.net
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Introduction ML ablicate
thyssenkrupp  Coking coal versus thermal coal

,Coking coals are coals, where the coking
process yields coke with quality measures
demanded by the consumers, e.qg. particle size
and size distribution, low ash and sulphur
content,[...]”“ (Ruhrkohlen Handbook)

Blast furnace coke is produced by dry destillation
of coking coal. The demanded properties are
much less restrictive.

[1] http://www.thyssenkrupp-metallurgical-products.de/typo3temp/GB/100362ea45.jpg, (03.02.2015|14:08Uhr)
[2] http://media.thyssenkrupp.com/images/press/thyssenkrupp_p 979.jpg, (03.02.2015|14:13Uhr)
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Introduction WL ablicate
thyssenkrupp Blast furnace process

Coke
200 °C B - ~Moller*

3Fe,03 + CO - 2Fe304 + CO,
Fe;0, + CO > 3Fe0 + CO,

FeO+ CO - Fe + CO,

Melting zone
€O, + C - 2C0

1 {
C(aus Koks) + EOZ - CO »joter Mann

(dead man)

Sludge |
Pig iron Furnace

2000 °C

http://www.iehk.rwth-aachen.de/uploads/pics/hochofen.jpg (02.02.2015 15:48 Uhr)
http://ruby.chemie.uni-freiburg.de/Vorlesung/Gif_bilder/Metalle/hochofen_c.png (02.02.2015 15:49 Uhr)
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(@} Introduction L ablicate

thyssenkrupp  Coke making process

Coking coal

Gas removal

Glowing coke
Initial coke
Oven wall
(~1350 °C)
Teernaht
25h >
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@)  Introduction B ablicate

thyssenkrupp  Coking coal quality measures

Properties influencing Desired properties
coking coal quality of metallurgic coke

» Ash content * High mechanical

« Moisture content strength

» Horizontal shrinkage * High coarseness

* Fluidity  High heating value

» Dilatation behavior * Low residual tar

* Plastic region « Low H,O, S and ash
content

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 5





@ Objective ¥ ablicate

thyssenkrupp
High quality Decreasing . High prices
demands for availability of Ag uI;z:laet;gn for decreasing
coking coal coking coal y quality

Current analysis routines not sufficient any more for thorough quality control

||||_

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 6





(@) Analytical method L ablicate
thyssenkrupp  Pyrolysis-GC/MS

FrontierLab Agilent Agilent
EGA/PY-3030D GC 7890A 5975C/inert El MSD

Pyrolysis temp.: 500°C
Py-interface temp.: 300°C r--=--1
Inlet temp.: 300°C
MSD-Interface temp.: 320°C :
Split ratio: 1:10
GC oven temp. range: 50 — 300°C QL —
MSD mass range: 10 — 500 m/z

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 7





Pyrolysis data analysis #Lablicate

thyssenkrupp  [ntroduction to Lablicate GmbH
* Processing & reporting solutions for standardized analyses
: * Dialog based, stepwise or completely automated approach
Agilent Xreport > ¥ g .p y . . pp. .
» Extend your employed CDS with additional functionalities
* Bring together data from complementary techniques
N R
r N\
®
Thermo - i ChromlIdent
WOPENChrom + MultiScanIdent®

s .

Shimadzu » Seamless connection to NIST MS Search & AMDIS « Get comprehensive similarity values
* Vendor and OS independent * Build up & query fingerprint reference databases
» Converts to other vendor formats or open standards * Detect impurities, differences & marker components
» Get it extended with plug-ins for more functionalities * Elucidate compositions of mixtures
* Prepare global peak data for chemometrics
09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 8





@) Authentication #_ablicate

thyssenkrupp - Comparison of Pyrograms

Dataset analysed: 19 different coal samples
* 6 replicate measurements each
» measured on 3 different measurement campaigns

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
minutes (min)

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 9





@)  Authentication L ablicate

thyssenkrupp  Reproducibility of replicates

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56
minutes (min)

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 10





Authentication #¥_ablicate

thyssenkrupp Data processing

28

39 55

107

7

32

R

T
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 40 60 80 100 120 140 160 180 200 220 240 260
m/z m/z

Preprocessing:
* Remove ,background® m/z

» Reproducibility * Summed-up MS
* Normalize data

 Discriminative potential  Replicates averaged

Define optimal RT window: , Build up database:

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 1





(@) Authentication WL ablicate

thyssenkrupp
Tested coal sample 3 best matching coal samples via database query (MQ in %)
1 2 3
BC4 BC4 98.55 CD 97.41 SPD 97.38
BC4 BC4 98.65 SPD 97.8 CD 97.46
CD CD 99.27 BC4 97.5 SPD 69.91
CD CD 99.2 BC4 97.43 SPD 96.92
DB DB 99.15 BCB 96.52 BC47 96.46
DB DB 99.13 BCB 96.43 BC47 96.39
EBKB EBKB 97.97 CD 96.59 BC4 95.97
EBKB EBKB 97.89 CD 96.26 BC4 95.79
ES ES 98.38 JMV 94.99 RFM 94.7
ES ES 98.78 JMV 94.98 RFM 94.79
GC GC 99.11 ES 88.71 RFM 87.65
GC GC 99.23 ES 88.56 RFM 87.49

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 12





Conclusions ML ablicate

thyssenkrupp

Good coking coal Bad coking coal

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 13





Thank you!

21° International Symposium on
Analytical and Applied Pyrolysis
Pyro = > b4
2016 )
Nancy, France, 9-12 May 2016

@
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Introduction #}¥_ablicate

thyssenkrupp

Glowing coke

Teernaht

v

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 15





@) Introduction

M¥_ablicate

thyssenkrupp Gas chromatography/mass spectrometry

Wattestabchen zur Reinigung des
Autosamplers

Neben dem

Pyrolyse Tube

:|>500° C

— 300° C

GC-Liner

~—— 300° C

09.05.2016 MultScanldent®/Chromldent® - software for quality control in chromatography/mass spectrometry 16
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21st Int. Symp. on Analytical and Applied Pyrolysis

Keys to commercially successful coal
pyrolysis for production of tar

Guangwen Xu

Advanced Energy Technology Research Laboratory (AET)
Institute of Process Engineering, Chinese Academy of Sciences

2 May 9-12, 2016, Nancy, Fance






ﬁ_;PerlySis of coal vs. of biomass

Many similarities but much different !

>

»

Feedstock: stable high density (easier to feed) vs.
varied low density (harder to handle).

Capacity: large in at least millions tons per year vs.
small to middle in thousands tons per year.

Products: both tar and gas required and more
aromatics in tar vs. mainly for biomass oil and higher
oxygen in biomass olil, causing easier condensation
and deposition in system vs. easier oil deterioration.

Operation: easier blockage for stable continuous
running vs. allowing more intermediate maintenance.





Contents
» Background

» Analysis
» Our solution

> SWRDICI highlight

SWRDICI: Southwest Research & Design Institute of Chemical Industry
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Background






Coal utilization

Current main
choice

New
generation

- B

O

><

" Heat

f' .
Combustion

~ Chemicals
Fuels
__power

Gasification

Coking /

Char

_ Carbon material

» Tar-based fuel and
chemicals

» Gas-based H,, CH,
and synthesis.






"By pyrolysis to cascade utilization

N ( 0il, gas (20-30%)

Iy : .
g. f “Ciy 5 CHy . 337
- r Combustion - Advanced

Coa| m—p power
Pyrolysis ’ Increasing
efficiency
Lignite >
\ Char < Reducing

Sub-bituminite
Weak caking bituminite

consumption

 Gasification <

Realize poly-generation as well

Pyrolysis: one of the critical coal technologies



http://www.google.com.hk/imgres?imgurl=http://www.1store.com.cn/products/images/520562/L/CK%E9%98%B2%E6%B0%B4%E5%B0%BC%E9%BE%99%E6%98%8E%E6%98%9F%E6%AC%BE%E7%94%B7%E5%8C%85%2520%E6%B0%B4%E6%B7%8B%E6%A3%80%E9%AA%8C%2520%E5%8D%95%E8%82%A9%E6%96%9C%E6%8C%8E%E5%8C%85%E5%8C%85126,1.jpeg&imgrefurl=http://www.1store.com.cn/Products/CK%25E9%2598%25B2%25E6%25B0%25B4%25E5%25B0%25BC%25E9%25BE%2599%25E6%2598%258E%25E6%2598%259F%25E6%25AC%25BE%25E7%2594%25B7%25E5%258C%2585%2520%25E6%25B0%25B4%25E6%25B7%258B%25E6%25A3%2580%25E9%25AA%258C%2520%25E5%258D%2595%25E8%2582%25A9%25E6%2596%259C%25E6%258C%258E%25E5%258C%2585%25E5%258C%2585126.html&usg=__0VC1b55w5QLhvd2BOKyqDG72XH8=&h=555&w=500&sz=96&hl=zh-CN&start=51&zoom=1&um=1&itbs=1&tbnid=dz4T3nIxODIv4M:&tbnh=133&tbnw=120&prev=/search%3Fq%3D%25E5%25B0%25BC%25E9%25BE%2599%26start%3D40%26um%3D1%26hl%3Dzh-CN%26newwindow%3D1%26safe%3Dstrict%26sa%3DN%26biw%3D1092%26bih%3D503%26ndsp%3D20%26tbm%3Disch&ei=LGviTYSSN4O8uwOC973TBg



= Superiority by rough calculation

Process Eff. 80%

- Chr [ Pover |
(70% E)

Branch

; 3.0 kt water Eff. 30 8%

rocess
Eff. 90% Process Eff. 90% overall

Coal RNy~ 59 — IR — S\
(10 kt) (10% E) 0.2 kt water Branch E;fé%
k?'?"ot"r’ Eff. 9% '
water

Process Eff. 80%

My +drogenation gegSll

(10% E) 0.2 kt water Branch j
Eff. 8%

Eff. via pyrolysis: 0il > 60% (42-45%), SNG > 75% (60-65%)
Water consump.: 3.6-3.8t/t-coal, 4.0 t/t-oil/gas





But an open hard project
?
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Finally, I call attention to the arrangements which have 1970
been made to bring liquefied natural gas from abroad, at prices
which bring sharply into view the alternative of converting
volatile matter in coal into synthetic gas. This development
lends. urgency to studies of schemes like the "Coalplex" depicted
broadly in Figure 7. Much work sponsored in recent years by the
U.S5. Office of Coal Research Las been directed toward development
of such a Coalplex, especially work by Consolidation Coal Co. and
FMC Corp. :

The appearance of Coalplexes will result in availability of
large supplies of low-sulfur coke, for which PF combustion is
poorly suited. This fact is a powerful incentive to ready a

Pulverized-Fuel Combustion - -in Trouble
A. M. Squires

Department of Chemical Engineering
The City College of The City University of New York

SULFUR | CoalPlex in 1960-70s
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Proceedings, 100th Annual

The 100th Annual General Meeting of The South African
Institute of Mining and Metallurgy was held in the Gold Room,
Transvaal Automobile Club, 60 5th Street, Lower Houghton,
Johannesburg on Wednesday, 13th August, 1997.

General Meeting, 1997

of Mechanical Engineering

A.D. du Plessis, President of the Institution of Certificated
Mechanical and Electrical Engineers of South Africa

D. Botha, Executive Director, South African Institution of

rivil Fnainoare

Honorary Life Fellowship

Mr Mike Rogers (Senior Vice President): Honorary Life
Fellowship is awarded by the Council to corporate members of
the Institute who have rendered outstanding service to the
industry or to the Institute. It is my pleasure to announce that
the Council has decided to award Honorary Life Fellowship to
the following;

» Mr].A. Cruise for the outstanding contribution to the
Institute over a number of years.

Brigadier Stokes Memorial Award

Mr Mike Rogers: The Brigadier Stokes Memorial Award was
instituted in 1980 fo commemorate the outstanding contribution
to the South African mining industry made by Brigadier

concept of multi-product mines where he proposed that
collieries supplying Eskom power stations should first process
the coal to take out a primary export fraction and provide
Eskom with a secondary product. Optimum colliery was an
early follower of this concept. He further went on to propose
the ‘Coalplex’ scheme in which the maximum recovery of the
energy in the coal would be obtained by producing export
quality coal, converting some of the coal to liquid fuels, and
using waste heat from this process to generate power to
supplement electricity generated by burning the lower quality
fractions of the coal. To date the ‘Coalplex’ concept has not
been used in its entirety on any one site but there is a
movement worldwide towards combined heat and power
generation systems.

Another first for David was his flow sheet design for the
first high density de-shaling plant at New Vaal Colliery which






The facts

Technology

Demo/pilot

Reactor

ETCH-175 (Russia)
Toscol (USA)
COED (USA)

LFC (USA)

Lurgi-Ruhr (Germany)

1960s, 4200 t/d
1970s, 1000 t/d
1970s, 550 t/d
1980s, 1000 t/d
1960s, 800 t/d

Moving bed
Rotating oven
Fluidized
Moving bed
Moving bed

Da-gong (China)
Coal Res. Inst. (China)
Zhejiang Univ. (China)

IPE, CAS (China)

IET, CAS (China)

1990s, 150 t/d
1990s, 60 t/d
2007, 240t/d
2009, 200 t/d
2010, 250 t/d

CFB (moving bed)
Rotating oven
Dual bed (Fluidized bed)
Dual bed (Downer)
Dual bed (Fluidized bed)

Many R&D, pilots & demonstrations worldwide,
but none in commercial running





The case In IPE-CAS
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+  With R&D on coal pyrolysis
for about 30 years!

¥em#kd  with ~100 publications
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coal pyrolysis technology.

A New Process of «

Yoo Jiamzhong  Mooson Kk l






&\ IPE, CAS

Analysis






Major problems
In commercializing coal pyrolysis technology

» Operation:

Bad availability of continuous running
— Too more heavy tar,
— Serious dust contamination.

» Economics:
— Low yields of high-quality products,
(tar with light species, gas with CH,H,/CO)
— Not yet high yields for both tar and gas.





Some concerns / quastions

Technical difficulty: only in engineering or
neing unknown some fundamental things?

~ast (high-rate heating) or slow (low-rate
neating) pyrolysis: is it the only critical issue
for determining oil / gas yields?

Tar quality: what is determinative ?

Simultaneously high gas /tar yields: is this
possible for coal pyrolysis?

Gas-solid separation: does it ensure low-dust
content in tar as the most core technology?





Pyrolysis: multi-scale reactions

Radical reactions Primary product  Final product

co

High yield
Less heavy

Primary reactions Secondary reactions Low dust
(Molecule/Particle) (Reactor)






Roles of pyrolysis reactions

Primary reactions Secondary reactions
7 ) 7 )
Coal molecule Condensation / Cracking
decomposition /Rgforming ... over
n primary products
Radicals and L L
primary pyrolysis Final products: quality
volatile / products and yields of tar and gas
- Y, - J
Kinetics: Selectivity:
Quick heating Matching transfer (temperature /
for high yields concentration), residence time)

and secondary reactions





An example of matching effects
(temperature profile & secondary reactions)

=
)

oo

:iLJ‘
o

More heavy species

LS

g
Tar yield (wt.% db-coal)

S
Al

I.J
A g
|3
;.l.. N e
1
¥
Tame Lk
s * 4
Ak
L T
rll
s Wt e
|} A~ L 1
]

[ P

T ¥
I | ]

\
;..l. ¥
]

o
1
".I
il B
[iF - P v
|} A" L
At h
B
g -2
!
A
o

el

500 600 700 800 900 1000 1100
Heating furnace temperature (°C)

Jers






IPE, CAS

"Consistence with Prof. Zhenyu Liu

intra- | Inter- | R o
particle : particle 1. fast | For volatiles generated at 450 C
: -’: pyrolysis 12 -
g !l---- : E Coking
s 3| 1 slow E 9 .
g .;: -: pyrolysis = <] Gray King
8 ..: sl.--- : 3
s | | E 6 - O L-S
| | 2 .
< <« ¥ g ¥  Rotary kiln
= <l £ .
b ” ¢ Fluidized bed at 750 °C
e P # lo Small fixed bed uidized bed a
4_ <_ d 0 Ll 1 I ﬁ I L-R a.Ilh ?50 DCI T
. 0 100 200 300 400 500 600 700
coal high 7
particle S Temperature increase of volatiles (°C)

Volatile’'s temperature Residence time of Tar yield Pitch content
increase(°C) volatile(s) (wt.%) (wt.%)

Coke oven 350-650

Lurgi-Spuelgas 40 3-9 8 21-30
Fluidized-bed 300 4.5 11-22 68-80
Rotary kiln 300 1-11 6 40






Physiochemical contradiction

Gas-solid separation
downstream pyrolyzer

Physical ' Chemical

Long time for

Low dust |
contamination secondary reactions
for pyrolysis products . B

Lowering tar yield / quality

Challenges of hot gas-solid separation in pyrolysis





Radical concn. x 10

500
| —m—500 UC Solid: HLEBE tar
4004 1~ 90 © Open:BLT tar
—A— 400 °C
s pyppyos D
o /._—_'_E""H‘
s
] oot
gl )
200 - —
- /,,-5 .......... " L
100 - ¥
&ﬂf._.-_-_—_":'!"-'ﬁ ....... & _._.&
0 - ﬂ_.-r""'é_"'_“
0 1 2 3 :

Retention time (h)

Cause: having radicals in product

More radicals
(thus more active
for secondary
reactions) in tars
from pyrolysis at
higher reaction
temperatures.

(from Zhengyu Liu)

Radical concentration in tars at different temperatures





Reactor choice for low dust

coal Flue gas Volatlle1 VOIT_Ie1

i

Pyrolysis

Volatile Fuel Air

Volatile

Heating carrier Hot gas

Fixed/moving bed Rotating oven Fluidized bed Transport bed
(coal: 20-80 mm) (Coal: 6-30 mm) (Coal<l0 mm) (Coal: 10s um)

Slight particle Intensive particle movement:
movement high dust entrainment

Preferable choice for low-dust pyrolysis product





Keys to commercial success
of coal pyrolysis for tar

» Critical: reaction control realizing quick primary
reactions and selective secondary reactions
(to heavy species) guarantees simultaneous high
yields and qualities for both tar and gas products.

Implying quick or slow heating or pyrolysis
cannot feature the entire process of pyrolysis.

» Maximal avoidance of high-temperature gas-
solid separation: ensuring low-dust inside bed
by using fixed / moving bed & in-bed filtration.
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Our solution






IPE, CAS

Innovation: control with internals

4=

i

Pyrolysis product

. Integrated bed

v | v B0
B2 )

Heat and
gas flux

— = — FEZ

i -
ﬂh Carrier
o b
i ¥ m Coal pc’lirtlcles T

Heating plate ¢Char % 4/

Moving bed with Multi-stage
internals Fluidized bed

Fluidized bed





Indirect heating pyrolysis

To cooling and
tar recovery

7 Central gas
X \ channel

Gas duct &

Heating plate

Combustion

Process (plant) conception

Solid heat carrier pyrolysis

T Flue gas

Gas-solid
separator

=4

r Oil shale
Mixer

Pyrolysis
gas

 Jo—>

Moving
bed with
internals

Recycling

I

Air

,, Char

Patented to countries with coal and oil shale:
America, Europe, Russia, Brazil, Estonia, Australia, Indonesia, China





Step-by-step systematic work

Pyrolysis at kg
scale (Batch)

-y B2
Batch pyrolysis

at 100 kg scale  continuous 1000 t/a
pilot pant

Repo,-t
edjn;
Journg)g since 29 400 kt/a commercial plant
014 under construction.





Related major publications

» Chun Zhang, Rongcheng Wu* and Guangwen Xu* (2014). Coal Pyrolysis for high-quality tar in a fixed-bed
pyrolyzer enhanced with internals. Energy & Fuels, 28: 236-244.

» Chun Zhang, Rongcheng Wu*, Erfeng Hu, Shuyuan Liu, and Guangwen Xu*. (2014). Coal Pyrolysis for
High-Quality Tar and Gas in 100 kg Fixed Bed Enhanced with Internals. Energy & Fuels, 28(11), 7294-
7302.

» Dengguo Lai, Zhaohui Chen, Yong Shi, Lanxin Lin, Jinhui Zhan, Shigiu Gao, Guangwen Xu* (2015).
Pyrolysis of oil shale by solid heat carrier in an innovative moving bed with internals. Fuel, 159, 943-951.
» Lanxin Lin, Chun Zhang, Hongjuan Li, Dengguo Lai, Guangwen Xu*. (2015). Pyrolysis in indirectly heated

fixed bed with internals: The first application to oil shale. Fuel Processing Technology, 138, 147-155.

» Somprasong Siramard, Chun Zhang, Lanxin Lin, Dengguo Lai, Shuai Cheng, Guangwen Xu (2016), Oil
shale pyrolysis in indirectly heated fixed bed with internals under reduced pressure, Fuel Processing
Technology, pp. 248-255.

» Lanxin Lin, Dengguo Lai, Erwei Guo, Chun Zhang, Guangwen Xu* (2016). Oil shale pyrolysis in indirectly
heated fixed bed with metallic plates of heating enhancement. Fuel, 163, 48-55.

» Dengguo Lai, Yong Shi, Zhaohui Chen, Shigiu Gao, Jin-Hui Zhan, Guangwen Xu (2016), Secondary
reactions in oil shale pyrolysis by solid heat carrier in a moving bed with internals, Fuel, in press.

» Yu Zhang, Zhennan Han, Hao Wu, Peter Glarborg and Guangwen Xu (2016), Interactive matching
between temperature gradient and secondary reactions of oil shale pyrolysis, Energy & Fuels, in press.
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152, 44(3), 395-402.
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Wi, Ak L 2F4k, 66(2), 738-745.
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Heat transfer enhancement
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700 Furnace temperature
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Tar yield comparison
11

10

(2
With internals [Fg

Theoretical tar
yield: 11.8 wt.%

Tar yield (wt.% )
A o ~N 0 O

A
Without internal

600 700 800 900 1000
Temperature ("C)

Internals directed reactions to perform good!





Other product comparison

Reactor | H€ating furnaoce Yield (wt.% dry base)
temperature (°C) Char Tar Gas Water

600 78.63 7.98 7.02 6.37

700 74.74 7.67 9.62 7.97
u 800 72.87 7.41 11.34 8.38
A 900 71.38 5.64 14.39 8.59
1000 70.84 4.77 15.57 8.82

600 79.03 8.50 6.96 5.51

700 76.80 9.82 7.13 6.25

800 74.84 0.88 7.98 7.30

900 72.17 10.34 9.99 7.50

1000 68.99 10.64 12.47 7.90

With internals: More tar, Less gas and water





Results from 100-kg reactor

Yield(wt.%, dry base)

No. Internals i?zzl m;:iz:z re Erz i\?;?ut;
Char Tar Gas Water
1# No 0-10 9.53 74.78 329 1250 9.43 46.9
24 Yes 0-10 9.53 7536 6.11 9.68 8.85 87.0
3# Yes 10-50 9.53 75.73 3.84 11.02 9.41 41.5
At Yes 0-10 9.53 76.36  5.65 9.49 8.50 80.5
oft Yes 0-10 9.53 7452 6.34 10.04 9.10 90.3
6# Yes 0-10 5.13 7588 575 9.59 8.78 81.9
7# Yes 0-10 15.54 76.30 4.66 9.97 9.07 66.4

* Heating furnace: all at 1000 °C but only 4# at 900 °C.





High quality tar product

Distillation fraction

100 kg reactor with internals

Frantions Boiling range Test 1 Test 2 Test 3
Light oil <170 5.5 7.0 5.1
Phenol oil 170-210 13.0 12.5 12.2
Naphthalene oil 210-230 7.5 5.5 6.1
Washing oil 230-300 27.0 25.0 25.2
Anthracene oil 300-360 20.0 21.5 21.0
Heavy fraction >360 27.0 28.5 29.4

Dust in tar <0.5 wt.%, tar density: ~960 kg/m?3
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Pyrolysis gas
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Process of continuous pilot

Scaled up for 30 times based on
laboratory and 100 kg model tests
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Pilot plant
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Summary of tests

] Running time (h)
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o o °® ¢

Coal

Simultaneous high
tar / gas yields ‘

eTar: ~81% GK assay
® yield, light oil > 70% @
*Gas: >250 Nm?3/t-coal,

CH,>20%, H,>45%
: . Date
>
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Typical results

Product (wt.%, db)

Feedstock | Time | Fi€atiNg | Amount Recovery
Temp. () ratio
2013, 56h 900°C 4360 7248 6.47 759 13.46 79.8%
09.27-09.29 _ : : . . 8%
Yilan sub-
2014 bituminite
’ o o
03.17-03.19 56h  1000°C 4780 70.23 7.02 8.13 14.62 80.4%
2014, Shenmu 900-
(0)
11.18-11.19 Bituminite 33h 950°C 3118 76.48 8.12 5.49 9.92 80.5%
2014, Longkou . .
0413-0415 oil shale 62h 950°C 5026 7359 959 271 1411 81.5%
204 Beipiao o 58h 900°C 5645 88.07 2.08 2.98 6.87 81.3%
0724-0726 shale : : : : 3%
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Pyrolysis tar properties

Oil type Density (kg/m3) | H,O (wt.%) | Dust (wt.%0)
Yilan coal tar 968 4.00 0.12
Shenmu coal tar 990 2.99 0.18
Longkou shale oil 893 0.93 0.14
Oil Light Phenol Naphthelene | Washing | Anthracene | Pitch | Sum of
(<170) | (170-210) | (210-230) | (230-300) | (300-360) | (>360) | <360
Yilan 4 13 7 28 21 27 | 73
coal tar
Shenmu
coaltar | 15 8.5 10 24.5 26 285 | 715
Gasoline | Diesel Paraffin Heavy
Longkou | (<180) | (180-350) | (350-500) | (>500) 97 66
shale oil '
7.99 50.32 39.35 2.34

* Light oll: factions below 360 °C for coal tar and 500 °C for shale oil.






Pyrolysis gas product

Gas composition (vol.%)

Time(h)

H, CH, CcO CO, C2+C3
13 46.53 21.31 13.08 15.29 3.79
15.75 46.54 21.60 12.99 15.34 3.53
17.5 45.88 21.91 12.71 15.47 4.03
19 45.21 20.45 13.32 17.25 3.77
21 45.81 21.05 13.06 16.51 3.57
25 46.40 22.03 12.82 14.36 4.39
28 47.33 22.42 12.87 13.08 4.29
31 46.98 22.93 12.76 13.37 3.95
34 44.63 22.01 13.30 15.56 4.51
37.5 48.00 23.31 13.05 12.37 3.26
40.5 46.76 22.15 12.25 14.14 4.70
43.5 47.46 22.09 12.76 13.07 4.62
46.5 48.31 21.43 12.83 12.98 4.46
47 47.90 21.78 12.80 13.22 4.30






Mass balance of char analysis

Coal Char Tar Water Gas Sum

4229 2807 204 573 427

Yield 07.26%  4.82% 13. 95% 10.90%  96. 43%

Char from Proximate analysis (wt.%)
per)lySlS Mad Ad Vd FCdaf HHV kcaI/kg
at 850 °C 1.4 56.7 4.0 90.8 3100
M A \V4 FC

Char from

ol . ad 0.91 55.66 2.1 41.33
PYyro ySIOS d 56.17 2.12 41.71
at 1000 °C  ["g5¢ 4.84 95.16






=Scale-up: coal feed & char dlscharge
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Large-scale cold model: H8.66 mXL5 mXWO0.5 m






Engineering design by SWRDICI

- [eft view
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Internals manufacture Refractory brick manufacture





Economic analysis

Gray-King Assay (wt.%, ad) db (wt.%, d)
Coal LHV
(kealikg) Caking | Char Tar Water Gas M_4 Tar
1 7199 Slightly | 72.52 11.47 8.02 7.99 3.05 11.83
ltems Amount (/a) Price Value (/a)
High-quality tar 35 kt 2500 RMB/t 87 million RMB
Pyrolysis gas (4500Kcal/Nm?3) | 60 million Nm® | 0.50RMB/Nm? | 30 million RMB
Char or as fuel 260 kt 500 RMB/t 130 million RMB
Total revenue 247 million RMB
Powder coal (<15 mm) 400 kt 500 RMB/t -200 million RMB
Production coal (Personnel,
Depreciation, Powder and For 400 kt 40 RMB/t -16 million RMB
energy, Expendable, etc.)

Total cost

-216 million RMB

Profit with tax

30 million RMB

Value adding: ~80 RMB/t-coal, cost return in 2-3 years






Summary

Coal pyrolysis appears simple and known for 100 years, but it is
difficult to have a technology realizing high yields and qualities for
tar and pyrolysis gas products.

The critical issue for such a target should rely on innovation on in-
bed reaction control rather than on engineering solution for, for
example, downstream gas-solid separation or upgrading.

Quick heating to coal particles, selective secondary reactions to
heavy species and using particle-stationary reactor seem to be the
key issues leading to solution to technical difficulties of pyrolysis.

We innovated the reaction and its process control using internals in
fixed/moving bed, which showed promising in realizing high-yield
productions of high-quality tar and gas and a 400 kt/a commercial
plant is expected to be into running in 2016.





SWRDICI highlight
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A brief introduction to SWRDICI

NSt Rl » Located in Chengdu, and founded
;""f"fﬁ_ I in 1958 in Ministry of Chem. Ind.,

W and now an institute-type company
. belong to ChemChina.

|" ‘Js

» Technical research + Eng. Design
-ty + Eng. Implementation (EPC) + ...
b ~sa w®8 > Developed / deployed tens of
Sl important technologies mainly in
Gas separation / purification
C1 chemical technology
Industrial vent gas utilization

» One leading institute in preceding
areas in China, having many
national innovation platforms.

» Created a listed company in 2001:
Sichuan Tianyi Technology Corp.






Highlight of deployed technologies

Developed technologies Deployments in industry
H PSA >1600 sets (World top three)
B Methane reforming >100 sets (China representative)
B Syngas to methnaol >30 sets (1stdeveloped in China)
B Methanol to DME >70 sets (market share > 70%)
B Methanol cracking to H, >60 sets (1st developed in China)
B Methanol to CH;COOH 8 sets (300 mRMB from Celanese)
B COG to SNG/CNG/LNG >20 sets (6 in running)
M Various ind. vent gas use >Several sets (making HCOOH, CO,
(from yellow P, Ca-C ...) CH,, glycaol, ...)
M Methanation (coal to SNG) Billion Nm2 demo. with CNOOC
B CH,;COOH to ethanol 2 sets
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200 kt/a acetic acid in Yankuang, Shandong, 2005





= Contract with Celanese of America

300 mMRMB for promise of no license in 10 years






First commercial plant for methanol
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100 kt/a methanol in Yulin, Shanxi, China, 1993
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600 Nm3/h H, production in Guanzhou, China, 1993





240 million Nm3/a SNG in Handan, Heibei, 2014
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~DME from COG + steel-converter gas
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100 kt/a DME production in Dazhou, Sichuan, 2009






"HCOOH from yellow phosphor vent gas

R e

20 kt/a formic acid in Kaifang, Guizhou, 2009





~CO from Calcium carbide furnace gas
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2000 Nm?3/h CO in Ningxia, China, 2012
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10 kt/a methanol to DME in Turkey, 2008





~ Oversea technology license & EPC
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8000 Nm3/h CH, from landfill gas in Hongkong, 2004





International cooperation

e Cooperative developments & commercialization
In energy, chemical (C1, based on coal / biomass
/ oll), environment, separation, instrument areas.

 Licensing SWRDICI’s technologies and EPC
(engineering service) outside China.

* Importing technologies, investments and
talents, Joint venture or Acquisition, ......

* Trade businesses for related products / services.

« Talent co-training and people exchange.
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Presentation Overview
- Introduction: the In’s and Out’s of Pyrolysis
- The Possible Power Generation Tools
- Experience with Gas Turbines
- The Specificities of Pyrolysis Products

- Conclusion
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Introduction: The “Ins and Puts” of Pyrolysis Processes

Pyrolysis Gases Pyrolysis
Heat Oils
A

Incoming feedstock

—
‘. =
5 2

P =
Bl o

— Light
e

<

Medium

Char,
&

Heat J
~ Cleaning &

drying

—

Distillation

|

Heat — Charextraction
ﬁ-
Pretreatment

0

Mechanical work  Generic pyrolysis process Ultimate solid

Pyrolysis is a very versatile technology in which the process parameters are
adjusted in function of the type of feedstock and targeted products yields.

- Heat and mechanical energy are the main inputs (apart from feedstock)

- Besides the ultimate solid, the main outputs of pyrolysis are Hydrocarbons.





Which are the industrial outlets of pyrolysis hydrocarbons ?

The “ultimate solid” has mutiple outlets:
coke (steel works); charcoal; briquette; soil amendment; animal feed, filter media..)

The hydrocarbons products can be utilized in a number of applications :
- as synthesis feedstocks

- as primary energies, including within electric power generation applications.

Like in coal gasification, this plurality of applications can be referred as ““Polygeneration”.

Methanol...

& derivatives

We shall focus here on the power generation outlet of hydrocarbons.






Which are the possible Power Generation Tools ?
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Qualification of the prime-movers

Hydrogen
Flow Field Flow Field

Backing Layers

Fuel Cells (gas): Diesel engines (oil):
Despite their high efficiency merits, they are They face some combustion difficulties
disqualified due to the complex composition due to the high aromatic character of
of pyrolysis products pyrolysis oils (low Cetane Index).

Most appropriate prime-movers

Gas Turbines Boilers + Steam turbines
(gas and oil) (gas and oil)

Gas Engines (gas)






Reminders: Combined Heat & Power (CHP) technology

2) Steam use = driving I% CDMBINEDCYG[E(hIghT]}

3 i 1) Steam use = heatin
| w—  GoceneraTioN|
! Processes/District Heatingi
g _________________________________________
)
g Combustion gas
E (Texhaust)
W
E
—
a.
The higher “T_,; ..« » the higher the efficiency of the steam turbine.

With current gas turbine technology, global efficiency around 61%.

The CHP unit can provide heat and power to the pyrolysis process itself : “auto-
production” concept. The remainder is exported to the grid...





Overview of Experience with Gas Turbines

Like steam pants (boiler + steam turbine), gas turbine (GT) plants can accommodate

both gaseous and liquid hydrocarbons streams.

Heavy Duty GT: 25 MWe+





Example 1: Power from Coal Pyrolysis Gas (coking):
Application has reached industrial scale (100MWe +)...

COG can be burned alone or mixed with Blast Furnace Gas (BFG), a verv low BTU gas.

- Medium to Low volumetric LHV 2 large piping
- High H, content = safety aspects (explosion proofing)
Substantial contamination levels:

* H,S ~ 500ppm -2 toxicity, corrosiveness if below H,S dew point
* Dust, rust, tar = clogging of filter, instruments, injectors

HZ2 content [% vol]
23 1] & B
*

¢
o
mal
n)

’ D - Q
Iron ore

Coke oven battery Blast furnace

& &
v v
=%

0 £
Inert content [% vol]

Energy Conversion Efficiency in combined cycle up to 48% (according to COG compo.)
Experience at GE, MHI, Ansaldo etc...





Special considerations when burning Pyrolysis Gas:

Example: COG (Oven Gas) - Natural gas as reference

Composition (%)

Carbon  Carbon Hydrogen .
Fuel  Dioxide  Monoxide Mféna;“ [i”tHa"’") fé“ﬁl"f F;E"pfl"; H”‘(’Efe" Sulfide U’;gg;’" “'t[rﬁga"
€0  (CO) 4 4y 21 3-8 2 (Hy5)
Natural Gas  0-08  0-040  62-93 0-158 0-18 0-016  0-030 05-64

Coke Oven
20 @ 3 03 18

1) Presence of high H2 content = good flame stability but...
safety measures required

2) Presence of Carbon monoxide - personnel EHS measures

3) Presence of numerous contaminants = gas pre-treatment unit

* [norganic particles (graphite dust, rust...) 2 gas filtration
* Tar (PAHs) = scrubbing; dew point control





Density [kg/m3]

Low Heating
Value [MJ/kg]

Viscosity at 38 °C
[cSt]

Polymerization
temperature [°C]

pH

Source: OPRA (http://www.opraturbines.com/en/)

An OPRA 2 MW gas turbine has been successfully operated on a mix of pyrolysis
oil and ethanol within an OPRA/BTG-BTL collaboration (NL).

The technology needs still some development to reach industrial level.





Special considerations when burning Pyrolysis Oils

High FBN generating high

Property Pyrolysis Oil | Heavy Oil Effect in
(reference) | combustion
Moisture (wt%) 15-30 0.1 Efficiency loss
pH 2-5 - corsosiveness
Spec gravity (kg/dm?) 1.2 0.94
Carbon content (wt%) 54-58 85+
Hydrogen content (wt%) 5.5-7 11 PAH formation
% Oxygen content (wt%) 35-40 1
Fuel-Bound Nitrogen (wt%) 0-0.2 0.1 NOXx
Ash (wt %) 0-0.2 0.1 Fouling, hot
corrosion
GHV (gross calorific value) 16-19 40 Size of fuel feed
(MJ/kg) auxiliaries
Viscosity at 50°C (cP) 0.2-1 1 Fuel pre-heating
Distillation residue (wt%) Up to 50 <5 Deposits; fouling

> NOx may require secondary

DeNOx measure (SCR)

Pine wood sampie

Y 500°C-750 ms

750°C -750 ms

2

J

950°C -750 ms

m naphthalene
\ln

anthracene

Qo

1
i im m
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http://www.nrel.gov/docs/fy070sti/37779.pdf






Conclusion

- Pyrolysis is a versatile technology enabling

numerous combinations of liquid/gaseous
hydrocarbons

- These hydrocarbon fractions can be utilized within
efficient Power Generation Systems.

- Besides boilers, gas engines and combustion
turbines are the suitable prime movers for such
power applications

- Experience with Gas Turbines show that efficiency
can exceed 50% in combined cycle

- Combustion of pyrolysis oil still under development

with some potential NOx penalty. i :,"“'*
,ﬂqF
- Boiler/Steam Turbine units can burn both types
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