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PSI‘s Tool Box for Synthesis Gas
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ﬁ PSI'‘s tool box
} for diagnostic

QOutline

* Introduction
* Diagnostics for permanent gases & tars
* Sulphur species diagnostics

« Alkall, halides and heavy metal diagnostics
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PSI'‘s tool box
for diagnostic

PSI motivation for synthesis gas characterisation
Improve design / operation of gasification and gas processing

raw gas

* o Updraft fixed bed
* » Downdraft fixed bed
* » FICFB
* CFB
* BFB
* « Entrained flow
* o Pyrolysis fixed bed

* ¢ low pressure (ambient):
* * low temperature
* * high temperature
* high pressure (> 10 bar):
* low temperature
* high temperature

(ultra) clean gas

Thermgl S Gas cleapllng. — End use
Conversion & Gas conditioning

* + Gas engine
* « Gas turbine
* o Fuel Cell
* » Hydrogen
* * SNG
« DME
 Methanol

* Fischer-Tropsch Fuels

*. PSI diagnostic applications

[
»

Analytical Instruments

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 4
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PSI'‘s tool box
for diagnostic

Processes of concern when designing diagnostic tools
True for analytical instruments and sampling technique

Process gas flow with H,0, tars, traces of heavy metals, Alkalis, Halides, N- and S- species

Processes of concern:
Condensation of H,O
Re-evaporation of H,O
Condensation of tars
Re-evaporation of tars
Adsorption, Desorption
Sticking on tar

Solving in water droplets
Gas phase reactions

0O NO OB~ WP -

Heating
O O O
N / RO
4
Gas flow > 8
2
5 .o i- """""""
| ©O00O0
Insulation

1 -8 : Depending on temperature, partial pressures
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Diagnostics for permanent gases & tars
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PSI'‘s tool box
for diagnostic

PSI sampling system for permanent gases, tars & water

Based on modular set-up from ,tar guideline*

Principal idea: Remove impurities which harm uGC, measure
online permanent gases, measure (if necessary) offline

collected impurities like tars and water ®0
™ e o (75
g - B il - s—r indicator 1 | 0
?wi] EJ %1“;];:4: 2) - Volume

nie .
tubes |

2’ 3) 4’ 5) Pump

Backup
adsorber
bath 6)
Water bath I R 3 4 5 6
(T=20°C) ] ) Salt and ice
. Gas washing bottles bath
Picture form www.tarweb.net (T =-20°C)

oati {‘l ﬁpﬁ auid . flow meter
Pitot quenc Oy
Pag

Technical features

1. Filter is optional. Particle removal
is done in scrubber unit

2. Liquid quench method is applied

3. Optional running mode of solvent:
Recirculation & once through (39 G.)

4. No Impinger train, but improved
scrubber unit for a good gas/liquid
phase contact at - 25°C

5. Options of solvents:
Isopropanol, Methoxypropanol, etc.

6. Backup adsorber is optional, as
scrubbing takes place at - 25°C

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 7
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PSI sampling system for permanent gases, tars & water
1t Generation scrubber unit

Rawgas sampliig poini=s
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Single sampling point, solvent recirculation mode, manned operation
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PSI'‘s tool box
for diagnostic

PSI sampling system for permanent gases, tars & water
Example of data of 15t and 2"? generation scrubber unit

Reliability and cost effective operation of the system
could be proven on several occasions. But there is still

room for improvement.

60

WH2
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ECH4

B C2- & C3-Species
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O Water

EN2 & CO2
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=
o
.

startup process

cleaning of samplingpoint

exchange of solvent
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WVWW

KIGKIIISIIOIOIRIIO OIK PRy

S ke
oo o N
C2 and C3 [mol.-% daf]
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11:00

12:00
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Time [hh:mm]

| —+—H2 = N2 &+ CH4 —*CO —*CO2 -e C2-C3Spezies |

Data from updraft gasification
Molar fraction wet 6o

w N

LHV fraction
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PSI sampling system for permanent gases, tars & water
34 Generation scrubber unit

Setup designed for 1000 h non-stop campaigns:
Inertial filters, twin sampling line, solvent in
recirculation & once through mode, unmanned
operation

Reliability and even more cost effective operation
of the system could be proven on one occasions,
.e. non stop operation measuring 7 h the raw gas
of updraft gasifier. Further tests foreseen.

Outlook:

Online liquid phase analysis:
« UV-VIS (tars)
« IC (Alkalis ?)

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 10 S. Biollaz, 25.10.07
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Sulphur species diagnostics
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Challenge in sulphur diagnostics
Expected Sulphur-containing contaminants in bio-syngas

Hydrogen sulphide Methanethiol (CH,S) Thiophene

Carbonyl Sulphide Ethaneth|o|

Carbon D|squh|de Sulphur dioxide

cS (SO,)
2 [DMDBT]
C14H12S

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 12

Dibenzothiophene
[DBT] (C1oHgS)
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Online Sulphur diagnostic with SCD

15t Generation (single sampling point, total sulphur, manned operation)

Estimation of Sulphur flux Desulphurisation tested |
based on S concentration

of deactivated Ni-catalyst: ?
ca. 10 mg S/m3,

Inert
SCD measurement: material

~faw gas“ @:
130 ... 180 ppm S  HbScat

~Cleaned gas” @:
10 ... 20 ppm S

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 13 S. Biollaz, 25.10.07
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Online Sulphur diagnostic with SCD

2" Generation (Multi sampling point, total sulphur, unmanned operation)

Control box a". d.P a

) '-S'amp!!_ing line

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 14 S. Biollaz, 25.10.07
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Online Sulphur diagnostic with SCD or GC/SCD

3'd Generation (Multi sampling point, multi species, unmanned operation)

Restriction Exit

Sample inlet @ | Hb

Purge «——! pgl | Auxl
1 —

| | | GCr~—~ig
Basic idea has been worked out together ﬁm”mmO o . SCD
with GTI. Method will be tested in the next P ]
6 month to come for different cases. —

Smil/min

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 15 S. Biollaz, 25.10.07





RRRRRRRRRRRRRRRRRRRR

PSI'‘s tool box
for diagnostic

Alkali, halides and heavy metal
diagnostics
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Motivation for alkali, halides and heavy metal diagnostics
Alkalis in Biomass

K potassium Na sodium

100000 10.000 100000 10.000
£ . - | X z| | E - S
2 10000 J - * 11000 = |2 10000 - + 1.000=
(%} - @© 0 @©
g L coal IS e - - S
£ 1000 | o 0100 S| | £ 1000 - 4 0.100.8
o —_— o = ﬂ coal o]
o] ' > o [ | ] u — >
P S| |2 - I S
S 100 0010 | |3 100 ra . +0.010<
= " ¥ — n (]
X z T - =

10 ‘ ‘ ‘ ‘ T 0.001 10 - ‘ ‘ ‘ 0.001

. wood lbark Istrawlgrass, cornl manure . wood!bark Istrawlgrass, corn Imanure
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Motivation for alkali, halides and heavy metal diagnostics
Example SOFC: Deactivation due to As, P, Sb

Synergistic Effect of P+As+S Contaminants in Coal Gas

[ > |n the presence of S,
Initial drop is ca. 15%
and appears to be
independent of other
impurities
e EffectofSis
predominant over

100

®

80

Coal gas:
H, 30
CO 23 40 first 30 hours

C02 21 e P S-related 2 stage
20 M7 .
H.O 26 Coal gas degradation is
2 1=0.5 Alem suppressed by the

2 100 0 : ' ' presence of P and As
0 200 400 600 800

60

Power Retention (%)

P 2nd stage degradation

Time (Hours) - T _
Is similar to that in P

1 ppm of AsH;, 1 ppm of H,S, 2 ppm of PH,
Batelle U.S. Department of Enargy 11

Paclfie Nerthwest Natlonal Laboratory

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 18 S. Biollaz, 25.10.07
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PSI'‘s tool box
for diagnostic

Online Analysis of alkali and heavy metal
Challenge for sampling system and analytical instruments for metal

Sampling system
Heated filter
Heated dilution
Pressure release
Condensation interface/quench

/ heated

sample line

| ., Analytical instruments

- 7

2 /

7

o Ll
process gas ICP or SID

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 19 S. Biollaz, 25.10.07
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Analytical instruments for alkalis and heavy metals
ICP-OES, SID

ICP-OES

(Commercial instrument)

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 20 S. Biollaz, 25.10.07
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Detection limits
ICP-EQOS, SID
|ICP-EOS Group 1 Group 2 Group 3
ISeTEHEE) G 0.01 - 0.264 0.11 - 2.64 1.11-26.4
limit: [ng/mn3 gas], [ppb]
Elements Be, Ca, Mg, Os, Sr Ag, As, B, Cd, Li, Co, | Al, Au, Na, Ni, Si, Bi,

Cu, Cr, Fe, I, Mn, Mo,
Ti,V, Zn, Zr, ...

K, P, Pb, S, Sh, ...

SID detection limits

Elements Detection limit
(measurement in air)

Na <01 pgNa/m3?
K <01 pgK/m3?
Ca no signal

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 21

S. Biollaz, 25.10.07





PAUL SCHERRER INSTITUT

o]

PSI'‘s tool box
for diagnostic

Online Alkali Measurement in Synthesis Gases

Example of data of 15t generation SID

10
8,
<<
="
= 0
L start of
§ biomass
& 4 feeding
)
2 !
ol . rr——
0 2 4 6 8 10 12

SID on stream [hours]

alkali concentration [mg/m,’]

Reliability and cost
effective operation of the
system could be proven
on three occasions. But
there is still room for
improvement.

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation”
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Conclusions and Outlook
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Conclusion and future needs

* Already today we have at PS| a good basic tool box for
diagnostics

« Sampling systems which have been but in place for different
applications shows good performance

» Several Improvement are underway (sampling system,
analytical instruments)

» Lake of sensitive online N-species analysis
* Improve calibration and sampling techniques via spiking.

IEA Task 33 WS ,Procedures/Guidelines for BMG Synthesis Gas Characterisation” 24 S. Biollaz, 25.10.07
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« »NR=L National Renewable Energy Laboratory

Outline

» NREL Gasifier - Process description

» Analytical systems

= On-line gas characterization
» On-line tar measurement

= “Typical” results

= Parametric gasification run
= Catalytic tar reforming measurements
» I[mpinger Tar vs MBMS

» Further needs
» Full quantitation/speciation of tars on-line

= “Low cost” on-line tar speciation
= N, CI, other?





Thermochemical Process

Development Unit (TCPDU)

Coalescing
Filter

700C to 900C
Thermal
Cracker

Blower

Biomass

Settling Tank

Controller

8-in. Fluidized
Bed Reactor

Cyclones

- Aqueous
Superheated
Steam Effluent

Char





NREL’s Thermochemical Process
» MR=L National Renewable Energy Laboratory Development Unit (TCPDU)

/,,*,\

@,&z,

“. ' On_”ne, Real-time
= ll Product Gas Analysis

8" (0.2m) Fluidized 14” (0.32m)
Bed Reactor Catalytic Steam
Reformer
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« »NP=L National Renewable Energy Laboratory On-line Analytical Capabilities

Cold gas analysis

« All analysis done post scrubber/
condensation

« Paramagnetic Oxygen Analyzer
(range of 0-25 vol%)

« Non-dispersive infrared (NDIR) Analyzer
for CH, CO, and CO (0-50 vol% range)

 H,thermal conductivity analyzer
(range of 0-50 vol% with correction

for %CO, %CH, and %CO,)

 Quad Micro Gas Chromatograph
4 channel, on-line GC w/ 3 min cycle time
H,, O,, N,, CH,, CO, C(_)Z, C,H,, CZI—_I4,
C,H,, C; and C, paraffin's and olefins

« Quad Micro Gas Chromatograph
3 channel, on-line GC w/ DMD
H,, OZ_, N, CH_4, CO, CO,, C,H,, CH,,
C,H,, inorganic sulfur (H,S, COS)

d
IR R e -
= | PR —
3 1
| o
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« »NR=L National Renewable Energy Laboratory

Universal detection (low and high
molecular weight species)

Real-time monitoring

Preserves reactive and condensable
species

Rapid screening/fingerprinting

Large dynamic range (106 to 101 ppmv)
High-pressure, high-temperature system
monitoring

MBMS On-Line
Tar Sampling

Typical Hydrocarbons/Tars Observed

'\/{?\}g%l;:?r Formula Chemical Name(s)

15,16 CH, | methane

26 CH, | acetylene

78 CeHs | benzene
91,92 C/Hg | toluene

94 CsHsO | phenadl

104 GgHg | styrene

106 CgHyo | (M, O, p-) Xylene

108 CHgO | (m+, O, p-) cresal

116 CHs | indene

128 CyoHg | naphthalene

142 CuHo (1—, 2—) methylnaphthalene

152 CioHg | acenapthylene

154 CioHyo | acenaphthene

166 CisHyo | fluorene

178 CuHyo | anthracene, phenanthrene

192 CisHio | (methyl-) anthracenes/phenanthrenes
202 CieHio | pyreneffluoranthene

216 Ci7H> | methyipyrenes/benzofluorenes
228 CigHi> | chrysene, benzlalanthracene, ...
242 CigHi4 | methyichrysenes, methylbenz[alanthracenes
252 CyxHi> | perylene, benzo[a)pyrene, ...
266 CyiHyis | dibenz]a kljanthracene, ...

278 CyoHy4 | dibenz[a,hlanthracene, ...
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National Renewable Energy Laboratory

MBMS Spectra of Tars — Corn Stover

Intensity (arbitrary units)
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92 116 142 - methylnaphthalenes 252 - perylene, etc
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//' % MREL National Renewable Energy Laboratory | @ Cracking Catalyst Evaluation

@&z,

Technical Goals

» Deactivation kinetics; Steady-state conversion efficiency

= Bench and pilot-scale efforts aligned to determine optimized
reforming catalyst performance

» Provide technical data for design of regenerating tar reforming
reactor and refined technoeconomic analyses

Initial NREL 23 Catalyst Deactivation Initial NREL 23 Catalyst Deactivation
Wood syngas, Medium space velocity, 825°C Corn Stover syngas, Low space velocity, 875°C
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Comparison of MBMS vs Impingers

B feed from 2FBR
127 = measured MBMS
B measured impinger
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Future needs for syngas monitoring

=On-line N determination

» Sampling wet tarry sample streams, loss of highly soluble analytes
= Solution ? PFPD detector, GC separation of NH3 and HCN?
= Solution ? TOF-MS higher resolution of mass, determine NH3, CH4, H20

= On-line Cl determination

» Sampling wet tarry sample streams, loss of highly soluble analytes
= Solution ? TOF-MS resolve Ar from HCI

» Future improvements in tar determination
» MBMS determination of “total tar”
= More extensive calibration mix of discrete compounds
» Determine lumped response factor
= Little or no signal above 400 amu, artifact of beam or truly no sample?
= Lower cost, real-time determination
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SYNGAS SAMPLING

> Continuous Gas Sampling for
Pressurized, High Temperature
Gasification Processes

IEA/Task 33, October 25, 2007

Bill Farthing, Larry Felix, Todd Snyder , James Irvin
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Two general approaches for
monitoring syngas

> Batch sampling — Take the sample to the lab —i.e.
collect a sample of gas in a bomb or series of
Impingers and deliver the sample to an analytical lab
for subsequent analysis.

> Continuous sampling — Take the lab to the sample —
l.e. condition a syngas stream so that it can be
analyzed by laboratory instrumentation in real time.
Note — the goal of this approach is to provide
Immediate, dynamic results.

25 October 2007 3





e
Batch Sampling

> Advantages

« Batch sampling protocols exist — impingers with
various reagents and sample bombs.

 Expensive analytical equipment is not put at risk.
 Low capital cost and transportable.

> Disadvantages

« Samples are processed remotely, perhaps days
after being taken — sample reactivity an issue.

« Operators cannot depend on the results of batch
sample analyses for process control.

gti

25 October 2007 4
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Continuous Sampling

> To monitor and control a gasification process (e.qg.
Fischer-Tropsch synthesis or hot or warm-gas
cleaning), continuous syngas composition is needed.

> Real-time syngas analyses inform developmental
testing and minimize cost.

> With proper conditioning, syngas is analyzed shortly
(< 5 s for some constituents).

25 October 2007 5





Continous sampling is routine for
some species

> OK, install a nozzle/port in the gasifier exhaust
stream, attach valves and transport lines, heat it to
avoid condensation, route the line to the analyzer
(filtering the gas, reducing the pressure and
temperature to levels the analyzer can tolerate,
and typically knocking out condensables along the
way).

> Not much more difficult than using the easy button,
right?

gti
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GASIFIER
SYNGAS, 400 - 800°C
- 1 - 40 bar

easy

“1 think you should be more explicit here in step 2...”

25 October 2007





What We wish to convey...

> Meeting the challenge of:

1. Extracting a continuous sample of syngas from
a high temperature — high pressure process

2. Conditioning the gas so that it remains
representative of the process

3. Quickly transporting the conditioned gas to a
suite of appropriate analytical instrumentation

4. Designing, building, and installing robust
hardware to perform the above tasks

gt _
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Continuous Sampling of Syngas

> 1-40 bar, 400 - 900°C
> Syngas contains condensibles and acid gases

« Up to 10% tar (MW = 78), with high boiling
points (b.p. anthracene = 354°C at 1 bar)

* 15% - 40% water, explosive, fatal levels of H2S

> Process areas are fire code certified — NO unpurged
electrical equipment (sensors, computers, heaters,
controllers) in process area. No surfaces > auto
ignition temperature of the syngas.

> Lack of in-situ sensors to characterize syngas

> Thus, syngas must be transported beyond the
process area for analysis of some species.

gt _
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Near the beginning...

. o

GTI Sampling system used at th HéWaiian Gasifier, circa 1990

25 October 2007
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gti

Continous Sample Extraction —
Managing Condensation, circa 2004

> Extract raw syngas, conveying it through an externally
heated line (~325°C heaters) to a heated filter.

> Trap condensibles in a chilled (~ 10°C) heat
exchanger.

>Measure major gas constituents (excluding water) with
a standard syngas analyzer.

This is the approach we have used at the Flex-Fuel facility to
continuously monitor Hz, CO, CO2, CH4, and O,. It works, mainly
because these gases do not condense or react with char or other
components in syngas. This gas conditioning system employs
the basic approach used for GTI's Hawaiian gasifier.

25 October 2007 11





I
15t Generation “S(Id" System 2004

[ Process Line from HE 2001
(]

f

——.

)

..........

—---Insulated and Heat Traced
Filter B side is identical to A side

| - o g
U\ i : J
..' 3 o, ——— A\ & 74
: y, s
: T '
Process and Instrumentation Diagram, v “:‘ i /
Drawn 07/29/04 P. Drayton ; ‘ 5 2 "
GTI Flexfuel ISmpIgC nditioning : S

System, 2™ Floo

gtl Configuration used for Indian Coal Testing at the Flex- Fuel FaC|I|ty, 2004
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I
2"d Generation Sampling System

Process Area Second O ettty [~ @
Floor HEAT Second Floor Elevator
TRAiE 2 LObby
]

& = T

1|1 i

_ :: I

i = i

HEAT : : e g i i %i

TRACE 1 i1 .——-

Nl i 3!

r':______:_____—___T} Cj Hot N2 ol

e I Dilution I

1! | : 8:

11 I <!

L (1] |

11 11 gl

o] ol |

G 1} |

1! [ |

i il WALL |

m 1K VENT !

: ! i I

h I T J

FILTER A :: FILTERB 1| e
OUTLET |1 OUTLET : | F, '1
0 ik I !

= _': i COL[J SAMPLE
] IMACC FTIR LINE
Hot, filtered syngas :
Purge N2 —(ﬁ)>—+ % o

Second Floor Closet

WALL

A\
VENT

Drawn 08/13/04 By Keyur Pandya
Flex Fuel Hot FTIR Sample Line

gtl y Configuration used for Indian Coal Testing at the Flex-Fuel Facility, 2004
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ntration (% vol)
(2]

Gas Concel
N

1 |-

0

14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00 01:00 02:00 03:00 04:00 05:00

gtl y Configuration used for Indian Coal Testing at the Flex-Fuel Facility, 2004

2"d Generation System - Results

—&— CH4 Rosemount

COFTIR

CH4 FTIR
—%—GC CO2
—e—GC CH4

Afternoon and Morning of 11/19-20/04

25 October 2007
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e
3'd Generation: 2004 - 2005

gti

>

Build on the sampling strategy used to interface the
FTIR with the 2nd generation system to connect to
additional instruments (mass spec, GC’s, batch
samplers) utilizing a valving network.

Employ inerted (Restek Silcosteel®) sampling lines,
externally heated with cable heaters, coated with
Thermon®heat transfer putty and fiberglass insulation

Expand filtered syngas through a critical orifice,
reducing system pressure and condensation
temperature.

Route syngas from a variety of locations to a suite of
analyzers at a single location external to the process

25 October 2007 15





3" Generation Sampling System

Gas Sample Transport for Online Analysis in Ultra-Clean Process at Flex Fuel

5/16" cable
heater (31.5 ft)

1/2" tube sample line
(20 ft to skid on 3rd floor)

[

from
5/16" cable onto skid past

heater (8 ft) G1 4A skidinlet o5 of filter

.
\__/

Process Duct

+ holder & up to
TC heat exchanger
= |

\ TC / ‘
/
N
s ) \ ‘
spike
1/4" tub }—®
G1 3 spikeuline:e Fﬂ:i
(18 ft)

_Tc— 5—<—from G14
T~ 5/16" cable
heater (30 ft)

Ve
. N2
3/8" tube sample line
(thru wall to elevator lobby on 2nd floor)
\\ G13 & G14 3/8" tube sample line
TC TC (12 ft to G8 skid on 2nd floor)
around elevator lobby TC \\ TC
into analytical closet TC TC B x|
< \ AR ) 5/16" cabl
£ i1 e il . R
| il B/ roey eatet
- t T H Tt /
LIJ | orifices \\ 4 w
P transducers D| . ___-»-—-""f——--‘-_—_—::l_—_,—,__ - T
e e B IR b
digital %_@ ——————————————— !
controllers hot transport line from G8

gti

skid downstream of filter

25 October 2007
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.
3'd Generation Instrumentation

Analytical Closet Sample Line Layout
Nomenclature

LR = Reqgulating valve, 400°F service
LB = Ball valve, 400°F service
HE = Ball valve, BOD°F service

Thick lines are ~B50°F

| LB
Thin lines are ~350°F
y
TiC
] I/
// Ve
/- /
LB 5? )
® e l
elo @ LR L.
Q l x/'/ LR A ! Goz
| 1. 1. Y & v ILR
\ - LR o
7! r” ve [ect
E= LR
Y =]
“
| P | Y
’I' P Dump
d §IQLR {:
Tic hd Dump
I LR
¥ Dump Y
FTIR SRS/MS |
Mass Spec. ‘ l Dump
Y
[

>
A Dump Dump

gtl y Ultra-clean Testing at the Flex-Fuel Facility, 3/2005
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I
3'd Generation System - Results

120 175
{ & 1-TS3 t
100 - | — ! | F 150
4 : @ HCI Conc. at G-13 (batch impingers) | ¢ : K
S || —HCI Conc. at G-13 (online FT-IR) * | 195 £
g_ 80 - '| ——Trona Feed Rate g ! £
o [] [] i @)}
] 1 | I u
o { . . + | 100 <
= 609 | |t o
(2) ] ] = 75 E
S 1 1 S T
S 40 A ' 1 [®)
T 1 50 X
207 | - 25
0 S - < . L 0
3/9/2005 3/10/2005  3/10/2005  3/10/2005  3/10/2005  3/10/2005
21:36 1:12 4:48 8:24 12:00 15:36

TIME, mm/dd/yy hh:mm

gtl y Ultra-clean testing downstream of the FFTF candle filter, 3/2005
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3'd Generation System - Results

120 160
—o—o COS m
— +——e——= Sorbent b
100 —

— s — 120
. £
£
5 80 E
o | N
= 9
| @©
2 (14
© c
e 60 — — 80 .8
@ O
O @
s - £
= - 5
Q 40 — 2
@) o
n

— — 40

20 —
0 0
3/10 0:00 3/10 4:48 3/10 9:36 3/10 14:24 3/10 19:12

gtl y Ultra-clean testing downstream of the FFTF candle filter, 3/2005
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I
3'd Generation System - Results

120
- 2B-TS5—>—— 2B-TS6 > e 2B-TS7 >
* 3+ (breakthroughtesting ** (transition to lignite) *
100 4 . 2 £ | ofaccumulated filter 1| , .
' S o ' cake) a (simultaneous S,
o o
' o~ ! v & HCI control) '
> [ c O [ [ ] | 1
a [ ST [ N ﬂ? [
(o8 [ S [ [N ' %)) ' [
Q: 80 4 . = ' 1 | |_| 1 &
7 AR ¥ e
Q) [ [ W] | I
— °. . @ a ' o
< 60 - . 4 “ T ! ! 1
T ' * ‘e o [ I
z ; ; R X A
o . . * ' ! b
0 40 1 ' ' ' » l [
<, . .
IN ® . 1 (3 N ¢ | |t
1 1 * [ \/ 2 2 [
% ( 2 .

20 ’0 PR S A N
] .o ¢ o . PV
; ; * e e
: : . e Y0

3/30/05 3/30/05 3/30/05 3/31/05 3/31/05 3/31/05 3/31/05 3/31/05

9:36 14:24 19:12 0:00 4:48 9:36 14:24 19:12

TIME, m/dd/yy h:mm

gtl y Ultra-clean testing downstream of the UCP test filter, 3/2005
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I
3'd Generation System - Results

500000 4500
+«—— Fuel1 Fuel 2 >
450000 1 [, : 1 4000
400000 - | 3500
S 350000 | BA1 sl POk s L 100 >
e M P L 1
£ | | 3000 £
= ' =2
— 300000 {044 WY i) =
S | R 12500 2
S 250000 - g
5 o
8 | 1 2000 &
S 200000 - S
) O
8 + 1500 g
& 150000 | &
100000 A g 1000
50000 4 - 500
—=—NH3 (right axis)
O T T T T T T . L 0
0:00 2:24 4:48 7:12 9:36 12:00 14:24 16:48

N FTIR (IMACC, 10-m cell) quantifies multiple species with a very fast response time
gtl@ y useful to identify fuel or process changes. Ultra-clean Testing, 3/2005
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e
4™ Generation System (2004 - 2005)

> Expand filtered syngas through a critical orifice, reducing
pressure and condensation temperature — particularly for
organic species with high boiling points (e.g. naphthalene,
anthracene).

> Dilute syngas with metered cool (~95°C), warm, or hot
(~400°C) inert gas (e.g. N») to further reduce the concentration
of organic species and avoid condensation.

> For 4™ generation system, focus on dilution with cool or warm
gas. Use CFD modeling to determine hardware designs and
operating regimes that avoid condensation within a diluter when
diluting hot syngas with cool gas.

> Diluting to cool syngas prepares the sample stream for analysis
with standard instruments while avoiding condensation,
particularly for organic species.

gti
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Syngas Depressurization, Cooling, and Dilution

\ Example: Syngas, at 20 bar and 538°C, is depressurized to ambient, cooled and
- \ transported at 150 °C. A dilution factor of 4 to 1 (or greater) is required to prevent
Il: \\ condensation of pyrene, and a dilution factor of 9.8 to 1 (or greater) is required to
+— 10,000:1 \ prevent condensation of coronene. All other hydrocarbon species listed would
2 \\ remain in vapor phase at 150 °C without added dilution.
(@)
= 1000:1
e
3 100:1
5
@) 101 — — == Benzene (770 ppmv)
e : Naphthalene (710 ppmv)
g Anthracene (175 ppmv)
o 1:A1 Pyrene (130 ppmv)
o —— Perylene (38 ppmv)
e D — — — — Coronene (16 ppmv)
= §e)
ke 3
8 c
L &
5 5
= o Condensation
= o Boundaries
O Z

T T T | T T | T T T | T T T | T T T |

tl 0 100 200 300 400 500
g ® ‘ Target Transport Temperature After Dilution (TTT), °C
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e
4™ Generation System - Diluter

Expand syngas and dilute with warm or cool Na.
Transport the diluted gas to a variety of analyzers at
temperatures required by each analyzer.

0 5

BE  jhsylation thermocouple centimeters
syngas inlet !

v T H

c L)
concentric dilution

sheath gas v | T =gl

H B

dilution/cooling N
310 or 316 stainless Wl Porous 316 SS tubes to ma 97
steel construction uniformly distribute dilution gas

cooled and diluted syngas outlet

. Diluter used at the Weyerhaeuser New Bern black liquor gasifier, 6/2005
gtlw ‘
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4™ Generation System - Testing

gti

Testing at the Weyerhaeuser New
Bern, NC black liquor gasifier, 6/2005

Diluter before insulation
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e
5th Generation — Fall 2005 Biomass Test

> Eliminate dilution with cool or warm gas. Dilute
depressurized syngas with inert gas heated to
~400°C.

> Create two expanded streams.

> Dilute one stream and maintain it at ~300°C while it
IS transported to analyzers outside the process area
for analysis. At analyzers, cool as necessary.

> Heat the undiluted stream to ~425°C and transport it
to a mass spectrometer located in the process area.

> Utilize inerted internal heaters for heating dilution
gas and maintaining gas transport lines at 300°C —

gtl , 425°C.
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5th Generation SEDI* Concept

Purge, Cal, Spike gas

Pressure Critical HOT
boundary QOrifices DILUTION
GAS

__ q
~ 30 bar ~ 1.5 bar q
Inerted ) .

Fiter . ~ 450°C ~ 450°C ~ 425°C q
d
BEYOND PROCESS AREA C

DILUTED SYNGAS ~250C

AN Vany Fay yay N

f / EXTERNAL HEATING

GC - Various Detectors

FT-IR (10-meter cell) UNDILUTED SYNGAS ~425°C
Batch Samples

COLLECTED 7
SOLIDS / / " INTERNAL HEATING "

dump Mass Spectrometer
European Tar Protocol
Sample Bombs

/

d dump

gtl *Syngas Expansion and Dilution Interface

PROCESS
~ 30 bar
~ 500°C

25 October 2007
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5th Generation Diluter - SEDI

: Hot N, Purge / Cal Gas In
Diffuser \ Coiled Cable Heater
/

\

Electrical

n

H+h Pressure,
o

Low Pressure, Hot N2 Dilution Gas Inlet
llf-:
.. =w P. ssure, Undiluted Syngas Outlet —;mmnmw
/- r"a—'

|
Low Pressure, Diluted Syngas Outlet (obscured)

Dilution Gas ——»

Syngas
Sample Inlet

\

Expansion Orifice for \
Undiluted Syngas Stream \

Orffice Plate

L1
Expansion Orifice for
Syngas Stream to be Diluted

Syngas Expansion and Dilution Interface
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e
5th Generation Diluter - SEDI

Dilution gas inlet line

Syngas inlet
oa . Pressure boundary
. 1‘

¥———— Heater feedthrough
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5th Generation SEDI - 2006

PROCESS
~ 30 bar
~500°C

Purge, Cal, Spike gas

Pressure

boundary Vi Critical Orifices HOT DILUTION GAS

~250°C

Nearby, in the Laboratory

1 GCIFPD"
GG

gl ==

o

L ]
e T
~ 30 bar ~ 30 bar ~ 1.5 bar
~450°C ~425°C
BEYOND PROCESS AREA
il
’- EXTERNAL HEATING
COLLECTED
sSoLDs
DILUTED SYNGAS UNDILUTED SYNGAS
At the Process

[id

b T

ol &8
L i
L=

Mass Spec

25 October 2007
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5th Generation Sampling System

System Schematic for Fall, 2005 Test

VI)-G13

pneumatic actuator, Z2

house ai Ve s

A
z2

G13 SEDI

72

)

KEY

heat trace on surface of insulated tubing

qp————ap<<_ cable heater inside insulated tubing
® valve

thermocouple

&= check valve
snubber

AP# pressure transducer

[ to spike gases (>300 psi tanks)|

G13 undilute N

@
£
5
o
n
c
[
transport line =
} Vi ~ e
sl
q Mass Flow 58 E
> Controller3] . 4 o
AP4 zav frywe S/ Sal 523
z5 Peal S IERE
Vi 2] s B s EANES]
V24 gl V50 =
= 5= -
0 V14 2 AP8 g o
drain olE o
| V.
Ble Z16
V.
drain
Mass Flow

to flare n

(+1.5 in. H20) Controller2| V37 op v

V38 F

capillar V39 T y Z4
Pay - T Gems, uec 5 VA
FTIR
\mpmgers‘=ﬁ‘ﬂﬂ 5
V41 V32
42 dh : Va3
Analytical manifold &
AP7 (inoven)  Z1744
V17
Z3 I ¥ = Z18
[
V23 V22
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e
Sheathed and Coiled Heaters

gtIA Internal sample line heater Spoolpiece filter and heater
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5th Generation - NI System Screenshot

x display client E]N
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5th Generation - NI System Screenshot

EU 222 DAQ Generic

- Flashing OFF -
1 G8-FILT-HI-D
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11 unassigned
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Biomass Test Results - Benzene

900
800 | Olivine Bed —e—QMS-300
£ - - < --Bomb Samples
§ 700 1 ¢ Impinger Samples
2 600 o o o ——GC-MS
N '. :
2 500
c
2 400
g
L 300 -
()
g
3 200
>
100
0
6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
Time of Day (hour:minute)
900
800 | Alumina Bed % ——QMS-300
g . - - < --Bomb Samples
£ 700 © — < — Impinger Samples
(0]
S 600 | Q —o— GC-MS
@ 500 |
=
S 400 |
[&]
©
i 300 |
(0]
€ 200 |
o
= 100 |
10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time of Day (hour:minute)
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Volume Fraction Naphthalene (ppm

Volume Fraction Naphthalene (ppm

Biomass Test Results - Naphthalene

300.0

Olivine Bed ¢ Impinger Samples
—— GC-MS
FTIR

250.0

200.0 | °

150.0

100.0 |

50.0

0.0
6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

Time of Day (hour:minute)

300.0

Alumina Bed ¢ Impinger Samples
250.0 —— GC-MS
* FTIR

200.0 r

150.0 |

‘\‘\‘
100.0 r *

50.0

0.0
10:00 12:00 14:00 16:00 18:00 20:00 22:00

Time of Day (hour:minute)
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Biomass Test —

Volume Fraction, (ppmv;

100

10

0.1

0.01

Olivine Bed

—— GC-MS Phenanthrene

----o---- Impinger Phenanthrene

—— GC-MS Acenapthene

—e— GC-MS Acenaphthalene

—o— GC-MS 2-Methylnaphthalene

—— GC-MS 1-Methylnaphthalene
GC-MS Fluorene

—+— GC-MS Anthracene

----¢--- Impinger Fluoranthene

---m--- |mpinger Pyrene

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

Time of Day (hour:minute)

\
)

Volume Fraction, (ppmv

100
Alumina Bed
]
10
1
—— GC-MS Phenanthrene
01 ----o---- Impinger Phenanthrene
—— GC-MS Acenapthene
—e— GC-MS Acenaphthalene
—o— GC-MS 2-Methylnaphthalene
—— GC-MS 1-Methylnaphthalene
GC-MS Fluorene
—— GC-MS Anthracene
----e--- Impinger Fluoranthene
---=--- |mpinger Pyrene
0.01 : —
10:00 12:00 14:00 16:00 18:00 20:00 22:00

Heavy Hydrocarbons

Time of Day (hour:minute)
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Subsequent (Biomass Test):
Cal Gas Injection

600

500 E -
g - O NH3 bypassing prefilter
£ 400 = ® NH3 through partially loaded prefilter|
_E o O 0 HCI bypassing prefilter
S ® HCI through partially loaded prefilter
& 300
(8]
c
o
P e}
[}
& 200 - &%%%%
x &
n &
L T L4

100 .

o
. LY
0 I R ASAD - DS @HS XL Nse
10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Time After Injection Start

« HCI (208 ppm) and NH3 (550 ppm) injected upstream (closed symbols) and
gtl 4 downstream (open symbols) of the sample gas particulate filter.

25 October 2007 39





Subsequent (Biomass Test):
Cal Gas Injection

1.20

Al

1.10

.00 : M:% — =l Ratio of concentration
s 0.90 A— A mXylenel  transported to that
g 080 without transport for
L 120 BTEX and H,S/COS gas.
o ]\\'\ ]Y Concentrations of the
€ 4100 o :
£ = gases were:
S ‘#/T:\.ﬁ;qfiﬂ——: \/ \ benzene — 159
é 0.80 toluene - 52.9
g / / \ m-xylene - 5.64
g 060 H2S — 46.6
% l \/&Wwﬁﬂ \ and COS — 1.17 ppmv.
§ 040 J / —x— H28 via diluted sample \—y\"

—&— H28 undiluted sample XI'
0.20 —+—COS via diluted sample
\/U —m— COS undiluted sample \/
0.00 >

00:00 01:00 02:00 03:00 04:00 05:00
g I Time After Injection Start
A
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e
6" Generation SEDI Concept* - 2006

PARTICLE LADEN GAS

purge/cal gas ———»purge/cal gas
1 | FILTERED GAS

critical, or flow
P T. < <«— restricting orifice
1 1€

D Co Po: To: Qg

<l
Cq Py T3, Q3 %
Mixing Space

Q, T, P, -

Ambient Py = P, or P, > Ambient

POROUS FILTER

PRESSURE OR PROCESS BOUNDARY

|
* patent pending

gti
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6t Generation SEDI - 2006

Single-stage dilution probe

d
gtl Spike gas path Diluted gas path Thermocouple
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-
6t Generation SEDI - 2006

Single-stage dilution probe installed in Flex-Fuel Gasifier
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In Summary...

Goal: comprehensive, continuous, sensitive and accurate
measurements at key points in the process

Approach: in situ measurements and sample extraction with
controlled thermal conditioning to avoid condensation and
sample losses

Tools: state-of-the-art analyzers (optimized for complex mixtures)
Gaseous Species: CO, O,, H,, H,O, CO,, N,, NH,,

H,S, COS, Ar, HCI, HCN, CH,
Hydrocarbons: Tars (B.P. > 300 £ 50°C), Qils (B.P. > 150 + 50°F)
Lighter Hydrocarbons: C,,C,, C,, ...

Gas Conditions: transport it as short, hot, and fast as practical; dilute if
needed to prevent condensation.
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Batch Sampling - Tar Protocol
®®

Rotameter

Ceramic Filter N, Purge
Quartz fber thimble | Dry Gas
a ' CEE g Meter
Elrc:;s%c:'gt:g:'i[ef Heated f' Iter housing {%{
Pump
| A
|
o=l =g
= [ _ _
(Tl il
L |
5] —-— .
7‘—"“ '? s
: N = ;
- Moisture Collector / \ / \ Drop
Impinger bottle Heated bath Impinger bottles Cold bath  Collector

g tI@ '
25 October 2007
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Synthesis gas characterization at TUV-FICFB
Demonstration BMG Plant at Gussing

M. Fuchs, H. Kohl, K. Ripfel, R. Rauch

IEA-Bioenergy Task 33 — Bergen, NL
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Institute of Chemical
Engineering

Working group: Zero Emission
Energy Technology

< General introduction

=
=
=

Description of the CHP — plant Gussing
Design of the FT — process in Gussing

Design of the SNG — process in Gussing

< Analytical tasks

< Critical concentration levels

< Details of analytical protocols developed
< Further fields of improvement






o 5 Insti_tute (_)f Chemical
CHP-Plant Giissing roneans
Working group: Zero Emission

Energy Technology

Design Data
< Start of construction September 2000
< Start up January 2002
< Fuel 2.2 to/h (Wood chips)
< Water content 15 % (35 %)
< Fuel power 8 MW
< Electrical power 2 MW
< Thermal power 4.5 MW
< Electrical efficiency 25 % (20%)
> Total efficiency 80 %
< Owner and operator Biomass Power Station Gussing Association






Institute of Chemical

CHP-Plant Glissing TUJ| Fromeens

Working group: Zero Emission
Energy Technology

SioFiT

BIOMASS-TO-FISCHER-TROPSCH

SNG-production FT- liquid fuels

< Renewable Synthetic Natural Gas (SNG)
< Renewable Liquid Fuels — Fischer Tropsch fuel (FT)






Institute of Chemical

CHP-Plant Gussing Sl

Working group: Zero Emission
Energy Technology

FT-Test rig

product gas
scrubbér .Y
4

product gas product gas
cooler filter

i '
flue gas
K cooler
' district heating
I air boiler
I |
O L
-—-=—"3® S——
oil burner
fl
flue gas l#ielztg? >
cooler chimney
air ™S
N\

¥ bed ash ¥ fly ash






Institute of Chemical
Engineering

Gas Composition

Working group: Zero Emission
Energy Technology

BIOMASS-TO-SYNTHETIC-NATURAL-GAS

Gas components W
CO, % 20-25 HZS ppm ~100
ZZ:“ j zz org. S ppm ~3
on Y o HCI ppm ~3
N . e Dust mg/Nm3 <20
O, % <0,1
N, % 1-3
CH, % ~10 H,:CO = from 1,5:1 to 2:1
co % 22-25
C.H; g/m3 ~8
C,Hg g/m3 ~0,5
C,oHs g/ms3 ~2
TARS mg/m3 20-30






Institute of Chemical
Engineering

Scheme of FT-synthesis

Working group: Zero Emission
Energy Technology

ZnQo
solvent
RME (3°C) NaAID,
product gas product gas
product gas S8°C; product gas 240-280°C;
10mh; 70°C a‘gzzgﬂfgc 200°C; 20-30bar 20-30bar
. v ¥ Off-Gas
2 Reactors/vessels .
E{>—+ w&I:aEs glzg:f:‘zeurn“ o compression - dry and/or catalytic > Flsc;l;:lrt-r'll';:;sch pr——p CONAENSAtION  f—
gas cleaning unit
F Y | |
gasmeter
(20°C)
Fischer-Tropsch
products
N
condensed water/
liquids and used HDS
RME
Cu-Cxid
Flow chart

Fischer-Tropsch pilot plant
Rev. 09/2007






Institute of Chemical
Engineering

Analyses of FT-Diesel

Working group: Zero Emission
Energy Technology

Method Parameter Unit FT-089
diesel
EN ISO 5165 Cetane number -
EN ISO 12185 Density at 15 °C kg/m3
Total aromatic hydrocarbon content 2,0
EN 12916 1-ring aromatic hydrocarbons %(m/m) 0,4
2-ring aromatic hydrocarbons 0,2
3-ring aromatic hydrocarbons 1,4
Aromatic hydrocarbon content
Olefins content

ASTM D 1319 %(VIV)

Paraffins + Cycloparaffins content

EN ISO 20884 Sulphur content mg/kg 8,25

ASTM D 3227 Sulphur (mercaptane) content mg/kg <2

OMASS-TO-SYNTHETIC-NATURAL-GAS





Renewable Natural Gas from Wood

Institute of Chemical
Engineering

Working group: Zero Emission
Energy Technology

Wood

Ash

a

1 Fluegas

Fluegas

Gasification Gag
Cleaning

h

Energy,
Liquid
& Solid

Waste
G—

Energy,
Water

& other
Materials

a

H, Recycle Streams

Treatment

t

Power
Gas Engine |—>:>

a

Gas
Treatment

=9 Methanisation =9

Purification =

SNG

CO, + H,S / Heavy HCs

CO, Product (to substitute N,)

SNG Fueling
Station

Bio-SNG Fuel

JRAL-GAS





Institute of Chemical
Engineering

Gas cleaning

Energy Technology

>

» Rapeseedoil methyl esther (RME) — scrubber
» Drying of the product gas

» Removing of Tars and Dust

Buiues|o seb jom

» HDS (NiO/MoQ) — catalyst

» Hydration of organic sulphur compounds by a HydroDeSulphurization-
catalyst (HDS-catalyst) to H,S at app. 400°C

»Sodium aluminates (NaAlO,)
» adsorption of chlorine

» ZnO — adsorption
» Zinc oxide removes H,S — operated below 240°C

» CuO — adsorption
»An absorbent based on copper oxide should remove the remaining
sulphur compounds at app. 50°C

Buiuea|o
seb onAjejes Jo/pue Aip

Working group: Zero Emission






Institute of Chemical
Engineering

Analytl Ca-l taSk I Working group: Zero Emission

Energy Technology

Conceptual Formulation — Fall 2006:

“Analysing of sulphuric compounds, at best specific, but
at least separated in organic and inorganic amounts to
trace and furthermore optimize the gas cleaning system
at the Gussing FT test rig to provide an established

technigue which guarantees an adequate supply of

sulphur free, at least <1ppm, synthesis gas for the

forming of “BioSNG”
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Engineering

Analytical task Il

Working group: Zero Emission
Energy Technology

Gas traits - important gas components

Molar

CAS — Number mass retention time
component . [g/mol] [min] concentration range
Methanthiol 74-93-1 48,11 4,93 1
Ethanthiol 75-08-1 62,13 6,12
Dimethylsulfide 75-18-3 62,13 6,39 0,001 — 10ppmv -
Propanthiol 107-03-9 76,16 8,04 o
Thiophenee 110-02-1 84,14 9,4 8
Diethylsulfide 352-93-2 90,19 9,9
2-MethylThiophenee 554-14-3 98,17 11,63
3-MethylThiophenee 616-44-4 98,17 11,79 \/
Tetrahydronaphtalene 119-64-2 132 19,72 | internal standard
Toluene 108-88-3 92,14 11,56 1
o-Xylene 95-47-6 106,167 14,31 § w
m-Xylene 108-38-3 106,167 e M - 2 OppmY Z X
p-Xylene 106-42-3 106,167 13,74 ?3% %J_
Benzene 71-43-2 78,11 9,28 ®
Naphthalene 91-20-3 128,173 20,25 v

SYNTHETIC-NATURY





Institute of Chemical
Engineering

Analytical task Il

Working group: Zero Emission
Energy Technology

(1) Identification of lead substances

(2) Determination of the separation rate of organic sulphur
compounds for the individual gas cleaning stages by the use
of a lead substance

(3) Determination of the separation rate of inorganic sulphur
compounds for each gas cleaning stage

(4) Benchmarking of ,BioFIT" and ,BioSNG" to commercial fossil
fuels with a standardized method for both fields of application

(5) Use of established techniques and materials at the Institute of
chemical engineering Vienna

(6) Development of a ,field method"®
(7) Developing of standardized procedures for all these tasks






Institute of Chemical

MethOd deS|gn | Engineering

Working group: Zero Emission
Energy Technology
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Method design Il

Working group: Zero Emission
Energy Technology

» |ldentification of Thiophenee as a lead substance for organic sulphur compounds

51 ED_DD_S 1 (ﬁ =1 C: nD E_I l—%
Benzene |

- % Thiophene

|

2 b R T e T T e T T T T e e e e e i
1.90 2.00 2.10 2.20 2.30 240 2.50 2.60 2.70 2.80 2.50 3.00 3.10 3.20 3.30

Perkin EImer GC-MS/He/Methanol/J+W Scientific — Agilent Technologies/DB-17 MS/30m/& 0,25mm/0,25um
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Engineering

Method design Il

Working group: Zero Emission
Energy Technology

» Exemplary potentiometric titration curve — H,S

sulphur
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Institute of Chemical
Engineering

Analytical methods

Working group: Zero Emission
Energy Technology

Corresponding

Analyte Sampling Analysis method standard
method solvent  temperature
H,S - - - Drager tubes (for -
orientation)
H,S Absorption  30% -10°C Potentiometric titration EN ISO
KOH ~ 6326-3
R-S-H Absorption 30% -10°C Potentiometric titration EN ISO
f KOH | . 6326-3
COS Absorption MEA -10°C Potentiometric titration EN ISO

6326-3

Thiophene | Absorption MeOH -20to-15°C | Perkin Elmer - Turbomass | -
| (GC-MS) |
- J+W Scientific — Agilent
. Technologies i
' DB-17 MS; 30m; @ 0,25mm;
- Film 0,25um |

BIOMASS-TO-SYNTHETIC-NATURAL-GAS





Institute of Chemical
Engineering

Sampling |

Working group: Zero Emission
Energy Technology

0 KOH 35% - sampling of: H,S, R-S-H
Mono Ethanol Amine (MEA) - sampling of: COS
Methanol - sampling of: Thiophene, other VOCS and

£
S BTX
g- iy O [ O [[E
Il i Y 1~ Yy 1N N pump
=
— o 5 T depends on gas
' T=(-15°C)-(-10°C) composition

pump

& SIS

T=(-20°C)-(-15°C)






Institute of Chemical
Engineering

Sam p I | ng ” Working group: Zero Emission

Energy Technology

For reproducable analytical results, depending on
present concentration levels, a sampled gas volume of
at least 90-200L is needed.

< Therefore Sampling is critical to — hindered by
< Pressure
< Temperature
< Flow rate
< Water content

< Concentration of substances with a low solubility at
the desired cooling bath temperature — eqg.
naphtalene
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Resu ItS le Engineering

Working group: Zero Emission
bbbl Energy Technology

Data derived by the described methods Gas cleaning stages

=1 10SNG .

BIOMASS-TO-SYNTHETIC-NATURAL-GAS





Institute of Chemical
Engineering

Fu rther Im provements I Working group: Zero Emission
Energy Technology

< Further tests on the influence of the CO,
concentration in the gas

< critical level 1,5% CO, corresponding to EN
1ISO 6326-3

< Adjustments:
< method re-design and
< Improved calibration procedures

to guarantee an operational availability for
ubiquitous applications of the GCMS at the
Institute






Institute of Chemical
Engineering

Fu rther Im provements ” Working group: Zero Emission
Energy Technology

< Improvments of the sampling procedures
< N, purging of the whole sampling line

< Drager sampling pump

@ etc.

< Further tests with calibration gas

< Appropriate sealed tanks for solid samples

< Benchmarking of the suitability of the analytical
method compared to the field of fossil fuels






Institute of Chemical
Engineering

Summary

Working group: Zero Emission
Energy Technology

< Considering that the influences of organic sulphur
compounds and some other potential catalyst
poisons are not or only slightly investigated in
biomass applications the alreday done efforts and
achieved level in identification and classification
are quite satisfying.

< The allready realized improvements of the
selective performance of the gas cleaning stages
iIn Gussing are very promising — benchmarked by
plant availability and catalyst life time






Institute of Chemical
Thank you for your attention! SOHIEEHNS -
Working group: Zero Emission

Energy Technology

BT
BIOMASS-TO- I;I.SC,HER TROPSCH E]QS N G

BIOMASS-TO-SYNTHETIC-NATURAL-GAS

Further information: fuchsm@mail.zserv.tuwien.ac.at
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Gasification of Biomass

Syngas Requirements for Fuels and Chemicals

Research | Technology | Catalysts

IEA Task 33 Fall 2007 Meeting 24-26 October, The Netherlands
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Haldor Topsge group — Key figures 2006

= Turnover: DKK 3.6 billion
($ 655 MM)

" Result: DKK 280 MM
($51 MM)
— 1654 employees
= 1408 in Denmark
= 246 abroad

. -
o

Catalyst plant in Frederikssund, DK Catalyst plant in Houston, Texas
HALDOR TORPSOE





The Tops@e group is devoted to -

= Research and development in heterogeneous catalysis
= Production and sale of catalysts

= Licensing of technology

= Equipment supply

= Engineering and construction of plants based on
catalytic processes

HALDOR TORPSOE m





Business areas

Fertilizer industry
The refining industry
The environmental and power sector

The heavy chemical and petrochemical industries

HALDOR TORPSOE m





Technologies

= Ammonia
= Hydrogen
= Synthesis gas

= Methanol

= Formaldehyde
= DME

= SNG

" TIGAS

HALDOR TORPSOE m





The Proposed Concept

R

0=t

Waste or Biomass

— Elektricity B

Heat Enzyme-
treatment treatment
100-200°C 30-60°C
Water Heat Enzymes
' =N Syng \
Heatin P

l F Max Fuel

Pulverised Sulfur
coal

Gasoline Gasoline r
Li facti
Ilquetaction Gasification and

synfuel production
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(Bio)Ethanol Co-conversion

T CO,
TOff-gas
Light Ends
MeOH/DME ] S
) Sour Gas Hiaher Gasoline i
Synthesis Gas Removal g Separation

Alcohols Synthesis Gasoline
& Ethers

>|€

Water
>

Ethanol

Agueous
Bio-EtOH
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Catalyst Deactivation in Synthesis Gas
Production, and Important Syntheses

J. R. Rostrup-Nielsen and P. E. Hejlund Nielsen

Reprint from “Deactivation and Poisoning of Catalysts”
edited by Jacques Oudar and Henry Wise

HALDOR fDPSﬂE A'S lm
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Synthesis Gas

= Consists of CO and H, + minor amounts of CO, and H,O

= Used for Synthesis of:
— Liquid products using the FT synthesis (diesel and gasoline)
— Methanol
— Hydrogen
— Ammonia
— SNG

HALDOR TORPSOE m





Traditional Desulfurization
——B0=400°C and 30 bar

Feed

H,

Hydrogenation: RSH+H, — RH + H,S
(CoMoS / NiMoS) R-S-R’+2H, — RH + R’H + H,S

Sulfur absorption: H,S+Zn0O — ZnS + H,0
(HTZ; ZnO)

HALDOR TORPSOE m
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Dry Synthesis Gases

Steam
SynGas Ref ATR Dry Coal Slurry | BioMass
H, 75% 66% 27% 36% 15-35%
CO 15% 27% 68% 47% 20-45%
CO, 8% 7% 3% 17% 12-25%
CH, 2% : : - %) 0.4-16%

*) E-Gas claims that they can go to high CH, (-7%)
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Coal gas: H,/CO <1

[
»

\ 4

CKA

LXSAVEE 1l H,S, CO, removal

Pure syngas

H,/ICO = 3 (SNG)
H,/CO = 2 (MeOH/FT)
H,/CO = 1 (TIGAS/DME)
H,/CO = « (H,, NH,)

HALDOR TORPSOE m





Some Gas Qualities

Foster WhelCarbona Choren FICFB SilvaGas
Varnamo |Skivwe? after after after Gussing Pilot McNiel
gasification |CO shift CO2 removal
CO2 mol% 14.4-17.5 9.90 22.60 32.50 2.50 15-25 9.40 12.20
CO mol% 16-19 23.41 36.80 21.80 31.90 20-30 50.00 44.40
H2 mol% 9.5-12 20.71 34.60 43.60 64.50 35-45 17.50 22.00
CH4 mol% 5.8-7.5 0.93 0.40 0.30 0.10 8-12 15.50 15.60
C2H4 mol% 0.00 6.00 5.10
CnHm mol% 0.00 1.10 0.70
N2+Ar mol% 48-52 41.72 1.70 1.60 0.80 3-5
H2S+COS mol% 0.01
NH3+HCN mol% 0.01
HCI mol% 0.00
H20 mol% 3.32 3.90 0.20 0.20
LHV MJ/Nm3 5.0-6.3 12]|18.5* 17.3*
*HHV *HHV
Source Knoeff Patel Blades Blades Blades Knoeff Knoeff Knoeff

HALDOR TORPSOE m






Is Biogas Suitable for Synthesis?

No!

Is conditioning possible?
Yes! (but it is difficult)

HALDOR TORPSOE m





Methanol Synthesis

The following reactions:
CO +2H, = CH,OH
CO, + 3H, = CH;OH + H,0O
CO+H,0=C0O, +H,
are catalyzed by copper catalysts.
Prime poisons for Cu Catalysts are:
Sulfur compounds, halogen compounds, Tar...

Well-established procedures for sulfur and halogen
cleaning, but not for tars!

Nitrogen compounds yield amines (smells)

HALDOR TORPSOE m





Syngas Purification

Traces of sulfur can easily be removed. See next slide

Traces of Halogens can be removed by standard
absorbent.

Traces of heavy elements like As can be removed at
elevated temperature- special considerations are needed

Traces of Mercury can by removed by low temp
adsorption/absorption.

HALDOR TORPSOE m





H,S Absorption
H,S, 30 bar g, 0.3-0.6 mm particles

25

= = ()
o o1 o

H2S concentration (ppm)

o1

0 50 100 150 200 250
Hours
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H,S Capacity of Old/New SC-101

300

250

N
o
o

100

Sulfur capacity (kg/m°)
a 2

o

0 10 20 30 40 50 60
Absorption temperature (°C)

HALDOR TOPSOE m





Hydrocarbon Synthesis by FT

The following reaction is catalyzed by cobalt catalysts:

nCO + 2nH, = CnH,n + nH, 0O
H, + CnH,n = CnH,n,,

Poisons are:

Sulfur +......... Tars?

HALDOR TORPSOE m





Synthesis of Substitute Natural Gas

The following reactions are catalyzed by nickel catalysts:

CO + 3H, = CH, + H,0
CO, + 4H, = CH, + 2 H,0
CO + H,0 =CO, + H,

Poisons are:

Sulfur, Tar....

HALDOR TORPSOE m





Naphtha and Gum Deactivation

Effect of hydrocarbon
Gum formation
factors

Standard naphtha 1

Decane 1.4
Dimethyl c-hexane 29
Benzene 4.3
Toluene 9.4
P-xylene 14.8

HALDOR TORPSOE m





Problems with Syngas from Biomass

Besides C, H, O, biomass contains S, CI(?), N and traces
of other elements P, Si...But basically no minerals

Coal is a mineral and contains an awful lot. But purification
of coal gas is standard technology.

Particularly the hydrocarbons like CH,, olefins and tar give
problems

Nitrogen compounds can be a nuisance. They form amines
In methanol synthesis.

HALDOR TORPSOE m





Possible Solutions

= Gasification technology should be improved. Note that
fluidized bed gasification of lignite yields only modest (or
no) amounts of tar.

= Move towards a high-pressure catalytic gasification
using ash as catalysts!?

= Cogasification of biomass and coal like in Buggenum
and the proposed Magnum Plant

HALDOR TORPSOE m
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Future of biomass energy in the Netherlands
Jaap Kiel

IEA Bioenergy Task 33 Fall 2007 Meeting, ECN Petten, 25 October 2007
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Presentation overview

e ECN
Biomass availability
Biomass utilisation in the Netherlands

ECN biomass (and coal) R&D programme
Technology highlights

www.ecn.nl

Future of biomass energy in the Netherlands — Jaap Kiel
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Energy research Centre of the Netherlands
In the dunes of North Holland

We develop and bring to market high-level knowledge
and technology for a sustainable energy supply

* Independent energy
research institute

* 650 staff

* Annual turnover:
80 million EURO

* Activities:
- Biomass, Solar, Wind
- Fuel Cell Technology
- Clean Fossil Fuels

- Energy Efficiency
- Policy Studies
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Biomass — a diverse energy source

e Biomass = all organic material of non-fossil origin,
meant for energy or chemicals/materials
production

Waste Wood (agricultural) residues energy corps
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International biomass potential

World Energy & Biomass scenario’s

2000 -
e EU-25 2030 (EEA-report 2006): ]
1500 - —
Total 12 EJ/y | Energy consumption b/
@ ]
21000 1 -
e World 2050 (Pcc 2007): fi | "
Energy crops 147-447 EJly 500 { _——— o S .-
Residues 53-73 EJ/y ;: T o . . : : : :::: 'A Biomass availability
0
2000 2020 2040 2060

Source: thesis Hoogwijk.www.mnp.nl/images/thesisMHoogwijk tcm61-28001.pdf

Yes, there is enough biomass...
to be a serious renewable energy option

www.ecn.nl
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Which role does biomass have to play in the Netherlands?

e Important role for biomass in all major energy applications

Ambition Netherlands Platform Green Feedstocks:
— Primary energy use in 2030 as in 2000 (= 3000 PJ)
— 30% covered by biomass

60% =324 PJ Transportation fuels
25% =203 PJ Electricity production
25% =140 PJ Chemicals and materials

17% =185 PJ Heat production
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Biomass availability and ambitions in the Netherlands

Estimated biomass import:
PJly /
912 4
i > 450 PJ,;

»
-

------ B?omass (required) i (>16 GW,,, > 30 Mtonne)
------ Biofuels  (required)

Biomass (available)

Import )
: : o
inevitable [
Pty - e
RSN - 5 .“““

60 .- c Y ATl

;;.‘:'.‘.'.....4.00-..... ...... .

5 | | | |
2000 2010 2020 2030 2040

912 PJ in 2030 from “Rabou, Deurwaarder, Elbersen, Scott: Biomass in the Dutch Energy Infrastructure in 2030, January 2006
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Biomass availability and import
Current import & export statistics for organic materials

Organic materials (2000) [kton/year] Import Export Transhipment
Wood & Pulp 7,010 3,462 10,472
Oil seeds 7,133 1,845 8,978
Meat, Fish & Dairy 2,995 5,028 8,023
Cereals 6,413 630 7,043
Sugar & Cacao 1,926 1,856 3,782

e Total biomass import in 2030
— Threefold of today’s wood & pulp transhipment
— Same range as today’s coal transhipment in Rotterdam
— 6.5% of total Netherlands transhipment in 2004
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Future biomass utilisation in the Netherlands

e Conversion of imported biomass at sea-side locations (large-scale)
— Electricity & Heat
— SNG
— Transportation Fuels
— Chemicals & Products
e Import of upgraded biomass (high-density fuels with favourable logistic
properties)
e Conversion of local/domestic biomass residues in distributed plants
(CHP, SNG) or local upgrading to fuels

ECN biomass (and coal) R&D programme targeted to this scenario
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Biomass co-firing
Inferior short-term option only?

e Stepping stone:
— Co-firing initiates (international) biomass market

— Specific technologies have a wider application (e.g., biomass pre-treatment and
upgrading, indirect co-firing technology, techniques for (on-line) process
monitoring and control)

e Important, medium/long-term option:

— E-production will rely largely on coal and gas for many decades, with substantial
new capacity being erected in the coming 5-10 years; co-firing is relatively easy
and cost-effective

— Several co-firing options allow a transition up to ultimately 100% biomass firing

Therefore, biomass co-firing important utilisation option for both short
and medium/long term
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Imported biomass should be renewable and sustainable

e Biomass = all organic material of non-fossil origin,
meant for energy or chemicals/materials production

e Prerequisite: compliance with (Cramer) sustainability criteria
— Net CO, reduction
— No competition with (local) food & feed
— Nature preservation, biodiversity

it Biomass production Conversion technologies
— Proper labour conditions P 9
— Limited environmental impact s o
(incl. pesticides, fertiliser) CO, 7 Heat
— Maintain soil quality (nutrients balance) \A \ Materials— Polymers
. Plant- Composites
- Water quallty COﬂtI’O' L biomass Pretreament Microbial Hydrogen«—
Households & copversion conversion Ethanol <+—
e R e
. Residues recirculated to the soil Feed, mm Metha_n‘(Li—
~—

Sustainability: (environment, economy, employment, ethics....)
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Imported biomass should be renewable and sustainable

e Broad national initiative to further develop sustainability criteria (BIOPEC)
— Supported by 5 ministries

— Participation of stakeholders covering the whole biomass-to-end-use chain

e Four work packages:

— Research Biomass production Conversion technologies
— Pilot projects | Gasification |
“pr . P Power
— Certification coO Heat
. 1€
— Campaigns L Materials— Polymers
Blone Composites
Y biomass Pretreament Microbial Hydrogen<—|
Househelds & conversion conversion Ethanol <]
Industry Organic of biomass —
Agriculture m Methanol <
Residues recirculated to the soil Feed, mm
N -

—~—

Sustainability: (environment, economy, employment, ethics....)
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ECN R&D on biomass and coal — 3 priority areas

e Heat and Power
— Biomass pre-treatment and upgrading (torrefaction)
— Biomass co-firing
— CHP (combustion, gasification)
— Waste to energy
— (Advanced coal conversion technologies)
e Syngas and SNG
— Syngas from biomass (and coal)
— Bio-SNG
e Transportation Fuels and Chemicals
— Gasification-based BTL (e.g., Fischer-Tropsch diesel)

— Fermentation-based second generation biofuels (e.g., ethanol from
lignocellulose, thermo-chemical aspects)

— Chemicals and materials (biorefinery, staged degasification)

~40 fte staff
~8 M€/y turnover
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Position and market approach

New knowledge
and disciplines

Universities

1

ECN:
Knowledge and technology
development
R&D portfolio

eV .7

Application of
technology and
knowledge

Long term orientation

Proof of
Principle

. 1

Proof of
Concept

1

Proof of
Feasibility
1

Short term orientation

V

Proof of
Manufacturing

ECN aims at technology development and bringing technology to market
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Torrefaction for biomass upgrading
general process description

Gas 3 Temperature: 200-300 °C
Torrified
Biomass 0.3 TO.l biomass Pressure: near atmospheric
1 _ 0.7
) * Torrefaction 0 > Absence of oxygen

Product: solid fuel

I . Particle size < 4 cm thick
Energy densification (E/kg) 1 09 _ L 3 | Particle size < 4.cm thickness

0.7
Residence time 10-30 min

mass energy Heating rate: <50 °C/min

Future of biomass energy in the Netherlands — Jaap Kiel
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From biomass/waste to commodity fuels

Woody plomass Agricultural residues Friable and less forous
19 - 22 MJ/kg (LHV, ar) Superior fuel properties:
Hydrophobic e Transport, handling, feeding
Preserved "

Homogeneous * Milling
e Combustion/gasification
e Feedstock range
e Standardisation

Tenacious and fibrous ' //E’l"Sat/o,7

10 - 17 MJ/kg (LHV, ar) Fuel powder
Hydrophilic
Vulnerable to biodegradation
Heterogeneous Bulk density 750-850 kg/m3
Bulk energy density 15-20 GJ/m? Fuel pellets
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ECN directly heated torrefaction technology

Flue gas

Cooling

—

TOP pellets

Pelletisation =%

Air
Features:
: o Utillty fuel
* High energy efficiency (> 90%) !
* Heat integration ‘
» Conventional drying and l l
pelletisation
» Compact moving-bed f > Combustion
X .
technology v
+ Cost effective e
Biomass
_— Drying —~—» Torrefaction >
k/z == A} l
gl AP
i Flue gas
15-20% Heat exchange [«
moisture _ Flue gas
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ECN torrefaction technology — status

e Pilot-scale testing (PATRIG)
— Validation of reactor and process concept

— Optimisation of process conditions for a broad feedstock range (woody
biomass, agro-residues)

— Industrial pelletisation tests

— Extensive quality evaluation TOP pellets

(e.g., hygroscopic nature, biodegradation, strength, milling characteristics,
combustion/gasification reactivity)

e Industrial partnership established aimed at demonstration and market
introduction

e Continued basic R&D (in co-operation with institutes/universities)
— E.g., contaminated biomass (residues) and waste

. BOE | energy concepts

Future of biomass energy in the Netherlands — Jaap Kiel www.ecn.nl
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PATRIG torrefaction pilot-plant
Status September 2007

e Construction and commissioning
(nearly) completed

e Biomass supply and pre-treatment
arranged

Future of biomass energy in the Netherlands — Jaap Kiel
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Biomass co-firing

o Target: 40% direct + indirect biomass co-firing in existing and new fossil-
fuel-fired plants

e (ECN) R&D topics:
e Biomass pre-treatment and upgrading technology (torrefaction)

e Advanced techniques for (on-line) process monitoring and control
(fouling, corrosion, bed agglomeration)

Better mechanistic understanding of combustion/gasification-related technical
bottlenecks

(e.g., burn-out, flame stability, heat distribution, NO, formation, slagging/fouling, corrosion,
bed-agglomeration, impact on downstream gas cleaning, emissions)

Predictive tools for assessing the co-utilisation potential of biomass streams and
optimising boiler design and operation

(CFD modelling, ash deposition post-processor, low-cost experimental screening)

Improved indirect co-firing concepts

Ash recycling strategies and utilisation options
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CHP - ECN technology implementation
circulating fluidised bed gasifier (CFB)

HOoST

ENGINEERS
IN ENERGY

0.5 MW pilot at ECN, 1996
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CHP - ECN technology implementation
OLGA tar removal

2 nm3/h lab-scale
facility at ECN, 2000

—
DAHLINVIAN
FILTER TECHNOLOGY

>

1500 nm3/h Int
in France, 2006

200 nm3/h pilot facility at ECN, 2003
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Synthetic Natural Gas (SNG)
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SNG from biomass
why?

[% reduction CO2-eq.]
0% 20% 40% 60% 80% 100%

200 off-shore manure r
I wind JJ-"J_'_l digestion J.IJ
100 power plant ‘\\ ‘,—J J—

\[f
0 .-—Jﬁrr'

w
o
o

X~

I 20% substitution of
¢ CO2 capture natural gas by
f in large CHP bioSNG

-100

situation 2020/2030 in the Netherlands, reference NG price: 4.1 €/GJ (oil 25 $/bbl)
source data: optiedocument (2006), ECN

-200 B "pay.mg,,to renewable energy options
m other CO2-reduction options
-300 | | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
[Mton reduction CO2-eq.]

cost effectiveness [€/ton CO2-e(]
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SNG from biomass
why?

S~
COjavailable for | o=+ &
storage, EOR, ... efficient and cheap
distribution of gas
gas storage enables *
whole year operation ‘ ‘
cheap production
at large scale 9

== hiomass import

no local biomass
transport

@€ s >

easy ’
application

existing ’
gas grid

natural gas
back-up

easy to meet distributed use for high social
emission limits transport, heat, acceptance
electricity

# biomass

= SNG (Substitute Natural Gas)
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SNG from biomass
how?

-y
4

’

..' A
VT

asifier tar further gas CH,
> 9 removal cleaning synthesis upgrading
to be developed available
(for biomass) technology
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SNG from biomass
developments at ECN

e MILENA indirect gasification

e OLGA tar removal

e gas cleaning concepts: selection
e methanation concepts: selection
e system analyses

Biomass-to-SNG system

Future of biomass energy in the Netherlands — Jaap Kiel
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__1 | '
MILENA 800 kW

OLGA 2000 m3/h
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(Bio-)syngas via oxygen-blown entrained-flow gasification

e Clean coal technology - allows biomass co-firing and CO, capture at relatively
low cost

e Potential of smooth transition to large-scale bio-syngas generation for the
production of electricity, FT-diesel, chemicals, (SNG)

e R&D aimed at the transition from coal-firing to biomass-firing (via co-firing)

e R&D items:
— Biomass pre-treatment/upgrading, handling and feeding
— Gasifier operation - slagging behaviour
— Fouling
— Gas cleaning
— CO, capture
— System design and

techno-economic evaluation

NUON Buggenum,
Netherlands

Shell SCGP
gasifier
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2"d Generation BTL - large plants required
to accelerate implementation, reach targets & reduce costs

K\stalled capacity [MW]

< J

Developments via
large-scale plants

small-scale initiatives

] | 1 —» Time

2000 2010 2020 2030 2040

* Objectives can be met easier and faster with a few large plants

* Large scale allows fuel production at competitive costs
ECN report RX-05-181
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Plants offering short-term implementation options available in
the Netherlands

NUON Buggenum IGCC

- Shell entrained-flow gasifier

Co-gasification up to 34%,,, or 20%;. of renewables
- 600 MWth input /250 MWe output

- Currently £ 7500 hours/ -on syngas

) . NUON Magnum IGCC

e |- Based on Buggenum IGCC design and lessons learned

€= et ’ - Co-gasification similar to Buggenum IGCC

A = - 3x600 MW, o/ 750 MW, 0, (+ 450 MW, from NG)
R — - Planned > 7500 hours/ on syngas

Future of biomass energy in the Netherlands — Jaap Kiel www.ecn.nl
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In conclusion

 In the Netherlands, an important role for biomass is foreseen to meet CO, and
RES targets, involving all major energy applications

e This role seems feasible based on biomass availability, but a large share should
be imported and sustainability criteria should be met

e Extensive biomass trading and transportation require biomass upgrading into
commodity fuels (e.g. torrefaction)

e Biomass co-firing is important as stepping stone technology, but also as
medium/long-term option in itself

e ECN and partners are developing a portfolio of technologies to support market
parties in reaching the ambitious biomass targets

Future of biomass energy in the Netherlands — Jaap Kiel www.ecn.nl
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Thank you for your attention

For more information,
please contact:

Dr.ir. J.H.A. (Jaap) Kiel Publications can be found on:
phone +31 224 56 4590 www.ecn.nl/publications

fax +31 224 56 8487

emalil kiel@ecn.nl

Visit also: “Phyllis” — Internet database for biomass, coal and residues:
www.phyllis.nl

“Thersites” — Internet model for tar dewpoint calculations:
www.thersites.nl
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Characterization
of High Temperature Synthesis Gas

H. Leibold

Forschungszentrum Karlsruhe GmbH, Germany

Institute for Technical Chemistry
Thermal Treatment Division

IEA Bioenergy Agreement: 2007-2009
Task 33: Thermal Gasification of Biomass
Petten, The Netherlands
October 24-26, 2007
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Thermal Treatment Division Forschungszentrum Karlsruhe GmbH HELMHOLTZ in der Helmholtz-Gemeinschaft
Hans Leibold und Universitét Karlsruhe (TH) | FEMEINSCHAFT r





I R&D for Biomass Utilization at Forschungszentrum -\S‘(IT
Karlsruhe =

chemical | |energetic
utilization| |utilization

Chemical utilization

T ] F-Pyrolysi Gasification Gas conditionin Synthesi
bioliq® (fuels, chemicals) yroysis|— Q g—*| Synthesis

Energetic utilization (power, heat) Grate combustion (Mono-combustion)

(Biomass-) Power plant technology
(central base load) Coal fired power plant (Co-combustion)

e

M-Pyrolysis| — | Gas cleaning | — |Gas- / Diesel engine

.

CHP .
(decentral base load)

Gas conditioning| —| GT

2 Institute for Technical Chemistry KIT — die Kooperation von .ﬁ I_
Thermal Treatment Division Forschungszentrum Karlsruhe GmbH HE'-“HQ L1z o
Hans Leibold und Universitat Karlsruhe (TH) | REHEIRFEHART l_

Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft





Straw Fast pyrolysis

—

Slurry production

—
—

The Karlsruhe High pre
. i ssure -
bioliqg entrained flow

Concept \gamﬂ\catlon/

Gas conditioning

-

Fuel production

Institute for Technical Chemistry KIT — die Kooj i

 Chi peration von ﬁ Forschungszentrum Karlsruhe
Thermal _Treatment Division Forschungszentrum Karlsruhe GmbH HELMHOLTZ in der Helmholtz-Gemeinschaft
Hans Leibold und Universitat Karlsruhe (TH) | BEMEINSCHAFT I





I Syngas from biomass straw .\)‘("

« Biomass
— 80 Mio t Dry matter (DM)
— 450 | Fuel oil aquivalent/a
— 10 % total energy / ain

Germany
O O
— 20 % of biomass available Q
> 70 % water content
high ash content (K,
halides) Q
low density ( 100 kg/m?)

low volumetric energy
density (~1,5 GJ/m?3) Q Q

=) Increase of energy density !

Straw pyrolysis
decentral

Slurry
gasification
Central

4 Institute for Technical Chemistry KIT — die Kooperation von #- I-
Thermal Treatment Division Forschungszentrum Karlsruhe GmbH HELHHOLTZ
Hans Leibold und Universitat Karlsruhe (TH) | REMEIRFHART r
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I Syngas cleaning for synthesis AUT

800 - 1200 °C

heat
alkali deposition

Sorbents
S/CI
- alkali
(partlal)quehncr; dust/fly ash
ea

waste water

LT-Catalysts

|
| |
: tar/organics/N
: I 200 - 300 °C
! I
g : | 350 °C Ultraclean
e — Y
| . - |
! - 70 °C Rectisol !
5 Institute for Technical Chemistry KIT — die K ti
Thermal Treatment Division Forsch:,?]gsozc;ﬁ:sr:]o&;ﬁ;uhe GmbH @' HELMHOLTZ r ;ﬁ:m:mﬁnm
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I HT syngas cleaning AN {

®artsruhe Instiute of Technology

Cokeloil
Slurry l Air/O,
Gas analysis
Entrained flow
gasifier
Syngas
Sorbents
Catalytic Safety filter
Raw ceramic filter
syngas
6 Institute for Technical Chemistry —di jon v
Thermal Treatment Division ;I)Tschui;szza?:srnoﬁaﬁgruhe GmbH g HELHHOLTZ Il;u:;:h :;m?:;:m?n%’::::

Hans Leibold und Universitat Karlsruhe (TH) | BEMEINSCHAFT l-





I Entrained flow gasifier REGA with HT gas cleaning ﬁ("

Karlsruhe Instriyte

Slurry

Air/O,
Gas analy5|s .....
Entrained flow ! Syngas
gasifier
Sorbents +
1 n
Ceramic Sorption reactors Catalyst
filter tar, COS, NH,
sticky fines H,S, HCI +
reactions products alkali (safety filter)
alkali
REGA Research Entrained Flow GAsifier)
7 Institute for Technical.(;h'emistry KIT — die Kooperation von g r Forschungszentrum Karlsruhe
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I Entrained flow gasifier REGA with HT gas cleaning ﬁ(“’

Slurry
! Air/O,
| Gas analysis
Entrained flow
gasifier
Sorbents
I I
Ceramic Sorption reactors Catalyst
Syngas filter tar, COS, NH,
sticky fines H,S, HCI +
reactions products alkali (safety filter)
alkali
REGA Research Entrained Flow GAsifier)
8 Insti for Technical Chemi —di ration von
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I Rationale and reasons &‘("

« Evaluation and further development of HT gas cleaning process
(filtration, sorption, catalysis) for biogenic syngases

— efficiency
— level of relevant contaminants
— optimization
 Online analysis for process control
— variation of contaminants levels in biomass feedstocks
— control of sorbents feeding
— sampling / inline measurement
— sensitive, robust, fast
* Protocols for reliable S, Cl, alkali, heavy metals analysis

(Cooperation with Paul Scherrer Institut, CH, FZJllich, GER)
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I REGA (Research Entrained Flow GAsifier) g("

Primary air /

\V) Oxygen
Slurry / E] == Natural gas
Liquid fuel
A A [\
Burner .
Gas analysis )
- Gas cleaning
L : : Synthesis -
Gasification zone 4 -;
Optical | . LI . e
measurements \ Synthesis Gas {
: 1
\ H ¥
Quench Fuel ——o<—fg—he | (I f
: Flare ’
Quench zone / 1 LI =
R » _\l\_
Electric heating
Cooler Scrubber
Slag
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Karlsruhe Insiiyie of

Synthesis gas analysis REGA AT

l N2 - rinsing
Filter
Sample probe unit
ple p |  Multi-FID 14 p. EXhaUSE
= UT Cges gas
. T Test gas
Thermal oil 160 °C > Uras 14
I H,O
1 Condenser N Caldos 17
H.
\ 4 \4
Condensate Gas pump unit ] Magnoos 106
analysis g 2
flue gas
—_— heated (160 °C) | Uras 14
vy M » €O, CO; CH,
—_— unheated
Condensate
Y _collector
CO, CO,,CH,, H,O IR-spektroscopy
H, Calorimetry
o, Paramagnetism
Ciotal Flame ionisation
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ITarget levels of major syngas contaminants FT

12

SASOL Neby et al. Vogel ECN
2001 2003 2003
CO; <10 % n.s. <5 Vol% <5 Vol%
Particulate n.s. <0,1 ppm n.s. <0,1 ppm
HCN <10 ppb
< 20 ppb < 20 ppb <1 ppm
NH; <10 ppm
H2S
<10 ppb < 60 ppb <10 ppb < 1ppm
COS
HCI <10 ppb <10 ppb <10 ppb
<10 ppb
Br, F n.s. n.s. <10 ppb
Alkalines | <10 ppb n.s. <10 ppb <10 ppb
Tar n.s. n.s. below below
dew point dew point
n.s. not specified

Institute for Technical Chemistry

Hans Leibold

Thermal Treatment Division

KIT — die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universitat Karlsruhe (TH)

lﬁ HELMHOLTZ
| GEMEINSCHAFT

r
-

AT

Forschungszentrum Karlsruhe
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| HT Sorption of HCI und H,S (300 - 800 °C)

HCI H,S
- Screening of common sorbents HomCI — e
(temperature range 300 - 450 °C) H}\ K,C0;5 ZnTiO;
- Sorption in fixed bed co LB} Vet Zn,TiO,
(Trona Na,CO,/NaHCO,, chalk CaCO,) He G-92C G-72D
co,
Hy RGM 1 NiSAT-H RS
Sorption with CaCO, . 3 ,_E Cu0/Zno
T= 600%C
CO 35 % H, 30 % CO, 10% H,0 15 % : RGM 3
Sorptio a-Fe
600 °C | 800 °C layer [ e CuMnO,
' CuTiO,
T= 1000°C
HCI,,., 103 ppm | 225 ppm nnc—E Trona Troma
HClyn | 1,9 PPM | 1,1 ppm = €aC0s Caco,
H,S,.., | 129 ppm | 93 ppm jl_rI Chciraw 150 ppm
5 cHCI clean 0’2 Ppm
bl I Sorption reactor Cosraw 180 PP
P Chasiclean 0,35 PPM
13 Insti for Technical Chemi — die Kooperation von
ii%i;iazifitle:?r?]er:fgivisiiwlsny ;I)Iscr?un;sze%tru;"l Karlsruhe GmbH 'ﬁ HELHHOLTZ l- ;u:rg:fw;mﬁﬁg?m?ﬁ;:::

und Universitat Karlsruhe (TH) | GEMEIHICHAFT r





I Gas sampling train at REGA gas cleaning setup AT

N, (Purging)

from T back to
gas cleaning \ gaitcleanmg
duct u
4
‘ Drying A
H,0 TN column
o <
Ice/water H,0| A~ <150 I/h
Wash bottles o Pump
HCI L
KOH 2 2 bar
Wash bottles
MFC [~
H,S
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I lon Mobility Spectrometer (IMS)

15

Sample out

lon 7%~ Pum
source Y Filter (mole sieve/ cat.)
(Tritium) 7 A RIP* Reaction lons Peak
| L I of air
o i . _- Collector |
- === =3 .-"--
5(E, e osed
[ele) Z ioC gu + Species Peak
¢ lioe clol
[— ¢ !f Amplifier m
~1]... | Control ' o
grid groups of drift time Ty,
I ' —— drifting ions lon mobility spectrum
‘ r} Filter
-~I~-~--Heaﬁng
Sample in Air O Species

with thermo desorption unit
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I Outlook &‘("

 HT gas cleaning process development ongoing on lab and bench
scale (500 °C and 800 °C)

 HT gas cleaning of biogenic syngases (coke/oil slurrys)
 Evaluation of HT gas cleaning process with sampling setup

* Protocols for S-, Cl-, alkali-species, heavy metals analysis in
biogenic syngases are developed

 Cooperation with Paul Scherrer Institut, CH / FZ Julich, GER

* Online analysis for process control based on ion mobility
spectrometry
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I Backup ﬁ(lT

®artsruhe Instiute of Technology
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I Hot gas filtration Varnamo IGCC Plant CHRISGAS QT

CHRISGAS project
Generation of H, enriched syngas

Planned hot gas filter unit

* 120 ceramic filter candles CPP system
* Operating pressure 10 - 12 bar
* Operating temperature 650 - 900 °C
* Design syngas flow rate 9000 m3/h

e Dust load 150 - 360 kg/h
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I Coupled Pressure Pulse Abreinigung AT

Filtration Abreinigung

Abreinigungsventil Geblase

geschlossen offen

» Abreinigungsintensitat
einstellbar

hydraulischer
Schalter
Sicherheitsfilter

» Niedriger Vordruck des
Abreinigungsgases

-

Filterelement * Fail-safe System integriert
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I Recleaning intensity (Cluster 18 candles) AT

S
o

w
(3]

& 250 mm

/ Buttertly valve

w
o

Recléaning
pressure

N
(S}

Butterfly valve
150 mm

/
% B

‘ Slide valve |
& 150 mm} Jet Pulse

N
o

Recleaning Pressure [kPa]
o

/ | Coax-Valve & 50 mm
| -

57 | Venturi

0

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Loading Pressure [MPa]
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I Filtration of eutectic NaCl/CaCl, mixture

24

Pressure drop [kPa]

4,0

50 %w glass
381133 %w NaCl
17 %w CaCl,

maximum Torque

3,6 |c =10 g/Nm®

Jet pulse 0.6 MPa

: Torque [mMNm]
8

341

T, =525°C ol
32} v =85mh

t.,g =60 min 207
30— 101
2,8 ' 0w wo @ a0 w0 en 7w a0

Temperature [°C]
2,6} }" ﬁﬁf W‘ L T o 4 ,
ke
2,4 AT T ) 1
CCP 0.1 MPa
2,2 At
2,0 ' . - . . . ! . L " L . I .
0 20 40 60 80 100 120 140 160
Time [h]
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I Screening of sorption materials for HCl und H,S &(IT

H,O/HCI

Syngas composition
Gas Vol.%
CO 35
H2 30 Sorption el
layer
co, 10 s
CH4 3 TIRC 4 T= 1000°C
H O 15 Stack
2 |——]
HCI <5000 ppmv —
H,S <2 9
N, Balance Sorption reactor
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I Screening of sorbents for HCI und H,S removal

®artsruhe Instiute of Technology

s T 2 sorbent beds
sorbent sorbent
K,CO, ZnTiO, t_. [s]
Trona Zn,TiO, 1/2s
G-92C G-72D T [°C]
RGM 1 NiSAT-H RS 300/350/400/450
CuO/ ZnO CHCIO 150 ppm
RGM 3 Chcin 200 ppb
e Chzso 180 ppm
CuMnO, Ciosin 390 ppb
CuTiO,
Trona Trona T [°C]
CaCoO, CaCoO, 750/800/850/900
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I HT Sorption of Pollutants ';\‘(IT

Probl
roblems Results

- Sensitivity of synthesis catalysts

(S, ClI, alkali, N << 1 ppm)
, _ Sorbent chalk (CaCO,)
- HT s.o.rp.tlon mat.er.lal Syngas  Sorption
(equilibria, reactivity) CO 35% Fixed bed
_ _ H, 30% tg >1s
- Sticky sorption products co, 10%
H,O 15%
R&D N, balance
- Natural minerals for HT sorption o G oec | s00ec
= to meet targeted levels and — (S
handle sticky products (CacCl,) T.Rcﬂ T= 1000°C HCl,, | 103 ppm | 225 ppm
- Entrained flow sorption processes Ll s |y | yopem | 11 ppm
at 600 °C and 800 °C
= to combine with filtration and o H,Sq., | 129 ppm | 93 ppm
minimize sorbents consumption 15 .
. H,Scican | 6,2ppm | 3,1 ppm
- Online analysis of pollutants Sorption reactor
= to control sorption parameters
“ Thermal Treaument Division Forschungsranrum Karirune G (P WELMoLTZ RS o smncspolsitons
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I HT Catalysis of Pollutants

Problems

Catalysts pollution by S, CI, N,
alkali components, heavy metal

Coke formation / deactivation

LT catalysts for tar conversion

Generation of permanent gases

R&D

- Development of LT catalysts
— to operate gas treatment at
uniform temperature niveau

- Performance of Ni-based HT
catalysts
= to improve regeneration and
S-sensitivity

- Combination with particle filtration
= to integrate processes

29 Institute for Technical Chemistry
Thermal Treatment Division
Hans Leibold

Results

100

90 4
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Yidld [%4
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e

60 -

50 <
40 4
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Naphthalin: 5000 mgC/m*® -

400 450 500 550 600 650 700 750 800 850 900
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30 400 <
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.7 350
—_ / “Rest: N2 SV =5000/h £
X 60 +300
e / / \\ o
o 50 / / \ 250 LNI'-
2 .40 200 L.
s L / ol
*30 150 O
Y

.231{/ l—o— CH-Yield —#— CO-Formation —4— H,-Formation }_ «100

10 — +50

0 ' ¥ | ‘ ‘ ‘ 0
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I Porose nanostrukturierte Filtermembranen ﬂ(lT

» Herstellungsprozess
l : - ; ' » Strukturcharakterisierung

@ » Charakterisierung der Haft-
eigenschaften

* Filtrations-/Abreinigungs-

eigenschaften fur klebrige Partikeln

A O
©o O

" 1 " 1
@

w
o
" 1

Erzeugung von Nanopartikeln mit
@ Mikrojet-Reaktor

H
<.
o)

Adhesion force ch /n
N
o
1)

o

0 1000 2000 3000
Grain diameter dG [ nm

4: DIA 3-20, Mullite @ ™
i M L

-4 3: MR 70, ALO,
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| usa T

recleaning
air
%} i@ —
- . oo control unit
particle analysis recleaning
oo _._._______é Dgﬂ 4%@
E clean gas
% | -
dilution f |
iluti <LPC
&) | filter Ap - PC EMS
contrél unit heating &+ | | /oo
EMS
S raw gas
U

_ spray type —|
air C @

L
A

dust feeder

aerosol generation
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Filtration performance of nano-scaled membranes g(“‘

Rarlsruhe Instriute ¢f Technology

Surface regenerated

100
® grain diameter 20 nm
A grain diameter 300 nm
é P ° PY o Y no membrane
A
. °
'c s * e,
— °
E A A o 0%,
A °
QEJ A A ® )
A A [}
= 10 v A AA A
2 a ™ AMA
A A
g v A A AAA
o A “ A A A
v Aap sy
\ 4 A
w
Vow'™
‘Vw. 2
1 3 3 M 3 M M
0 1 2 3 4 5 6 7 8
Operation time [h]
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I Nano-structured filter membranes and catalytic coating&‘("‘

1. Highly porous membranes (up to 94%)
 Improve separation and regeneration
 Particle contacts reduced

* Recleaning of sticky particles
* Increased inner surface

 Reactivity

2. Combination of filter und catalysts
 Reduction of process units

* Integration of cleaning/conditioning steps
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I Syngas contaminants and target levels POWER

mg/Nm?

Particles <50

<1

Tar <100

<5

Alkali k.A.

<0,2

NH,, HCN <55

k.A.

H,S <1150

<1

Halogens k.A.

<1

Zuberbuhler 2004, * Koppel 2007
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I Perspektiven ;\‘("

35

HTHP Gasaufbereitungsverfahren fur biomassestammige Synthesegase
bis 800 °C
HT Gasaufbereitung von Pyrolysegasen

Katalytisch aktive Filterelemente auf Basis nanostrukturierter
Filtermembranen

HT Filtration in der Biomasseverbrennung
Anwendung in der Kohlevergasung

Kooperationen

« KIT Mechanische Verfahrenstechnik; EBI - Gas, Erdol, Kohle;
Technische Thermodynamik/Kéaltetechnik

o U Kaiserslautern, TU Darmstadt

« HGF FZJ, IWV2

» Paul Scherrer Institut, CH; Aston University, UK

» Pall Filtersystems

e intern ITC-CPV, ITC-ZTS, IMF II, Il
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I Pollutants in Biomass Ashes AT

[wt % (dry)] [wt %]

Wheat 0,01-0,05 | 0,07-0,16 | 05-1.4 | 2,010,8 | 13,2-30,1 | 4,3-10,6 | 29,9-72,7

straw?

Willow?! < 0,01 0,03 0,4-0,5 | 7,8-11,5 | 9,6-26,5 30,8-35,0 0,4-7,5

Grass? 0,6 0,14-0,25 | 1,4-31 5,0-7,6 4,6-28,4 2,7-27,7 3,3-65,7

IBridgewater, A.V. 2005 2Skrifvars et al. 1996
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I R&D Topics Gas cleaning ;ﬂ("

<1400°C
<1300°C

< 800°C

<600°C
<500°C

<200°C

Pyrolysegas

37 Institute for Technical Chemistry KIT — die Kooperation von 'ﬁ
Thermal Treatment Division Forschungszentrum Karlsruhe GmbH HELMHOLTZ
Hans Leibold und Universitat Karlsruhe (TH) | BEMEINSCHAFT r

Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft





I Synthesegaskonditionierung AT

Methanol, DME
5 HTHP Syngaskonditionierun —> i
HP Verga yng itionierung FT-Synthese
30 - 80 bar,1200 °C LabormaRstab: 60 bar, 500 °C, PDU bis 40 bar, 350 °C
Expansion —» HT Syngaskonditionierung —> Verdichtung

PDU Anlage: 800 °C, REGA
Labormafstab: bis 1000 °C

Abkuhlung 2 Syngas-Wasche —— Wiederaufheizung
Stand der Technik: -70 °C — RECTISOL bis 58/22 bar , PDU, Pilot
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REGA - Reactor

Fuel

Primary- / atomizing air

Air
Natural gas
(2 Pilot burners)

(Research Entrained flow GAsifier) QT

Cross section measuring plain of REGA:

Rinse flame detector (N,)

Videokamera Sample probe

Optical flange

Thermocouples J]]

m Distance to burner:

355 mm (x/d‘ = 54,2)
500 mm (x/d‘ = 76,3)
682 mm (x/d‘ = 104,1)

Rinse of optical
flange (N,) ' ’—H]

Measuring plain |

Measuring plain Il

(x/d'=205/178/155/133)

Quench Fuel —»

Optical flange

LDA-Measurement

Pressure measuring

. Double thermocouples

Flue gas
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REGA LDA measurement of velocity profiles g(l

®artsruhe Instiute of Technology

Focal length: 1088 mm
Power: 350 mW
Wavelength: 514 nm
Beam spacing: 38 mm

No. of fringes: 35
Fringe spacing: 14.733 ym

Probe Volume: dx - 0.528 mm
e, einfallende dy — 0.528 mm
: dz - 30.237 mm

2-5in %
A

fp=v,

Calibration not necessary
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REGA: measurement of temperature: Pt Rh Pt — Double thermocouples

TD _Td

2 Ta ~ T

4w
T oT!

*R kann Uber Kalibriermessung
ermittelt werden

*Keine Emissionskonstanten zu
bestimmen
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a(Tg —Tic) = gTCO-(TTiI —

)

Konvektionsverluste = Strahlungsverlusten

Temperatur (°C)

1170

1160 A

1150 A

1140 A

1130 A

1120 A

1110 4

1100 A

1090 A

1080 A

1070 A

1060

Temperaturprofil

11.05.05 13:55Uhr Brennerhéhe 500mm Luftzahl 0,5 mit 9,5 kg/h Glykol

4 6 8 10 12 14 16 18
Radiale Position (cm)

20 22 24 26 28

¢ Theromelement 2 = Thermoelement 1

—— Korrigierte Temp.
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I Summary ;\J("'

 HT gas cleaning in thermal treatment of waste and biomass

 Basic research
— Particulates: Filtration of sticky and fine particles

— Gaseous: Sorption of HCI, H,S with alkali / earth alkali based
sorbents up to 800 °C

— LT catalysis of PAH at 450 — 550 °C
— Tar removal / reforming
« Components / systems
— Ceramic candle filters: Filter medium, recleaning, configuration
— Entrained flow sorption with natural sorbents
 Process / process integration
— HT syngas cleaning at 500 / 800 °C — biolig™ process
— HT pyrolysis gas cleaning — HALOCLEAN™ process
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I HT Processes

IT

Rarlsruhe Instriute ¢f Technology

Process Temperature Pressure

[°C] [bar]

Incineration

Soil decontamination <1100 1

Pyrolysis plastics <600 1

Gasification biomass <600 (1200) 1(100)

PFBC < 850 16

IGCC <1000 50

PCC <1500 25

Catalytic cracking 300 bis 500 <5

Calcination <1000 1

Particle generation <1200 <5

Ore roasting <1000 1

Smelting, casting <1000 1

Glass smelting < 1200 ]

Ceramics < 1800

“ Therml Tratmant Didson e e aror ( wewuwourz Syt

Hans Leibold und Universitat Karlsruhe (TH)
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I Combination Filter - Catalysts ﬁ(lT

Karlsruhe Instriyte

Clean
gas

Clean
gas

Raw gas
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IAIIotherme Vergasung von Biomasse mit SOFC AT

risruhe Insidute

Brenngas Anodenrestgas

Produktgas

MPA - Schunk

. FZK - PALL
IVD - Wiinning

HT-Filtereinheit
800 °C, 1 bar

Vor-

reformierung

SOFC-Abwirme

Abgas Biomasse el. Energie
— 5000
e m Toluol
£ Phenol
S 4000 _|mFhenot
E @ Inden
c _ Rohgas
_g 3000 | m Naphthalin S b: 5.75 a/Nm?
g O Phenanthren taub: 5, g/Nm
o Teere: 6,29 g/Nm3
N 2000 f-----—-| |- ]
S Reingas
£ 1000 } Staub: 0,40 g/Nm?3
[}
E Teere: 3,65 g/Nm3
E 0
=
= Rohgas Reingas
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I HT Partikelfiltration ;“(IT

Problemstellung Ergebnisse Abreinigungs
- Filtration und Abreinigung klebriger ventile
Feinstaube (Teere, Alkalihalogenide) Hydraulische
L : : Schalter
- Kombination mit Sorption und Katalyse Sicherheitsfilter
- Geringe spezifische Oberflache keramische
der Filterkerzen Kerzen
F&E
- Nanostrukturierte keramische oo
Filtermembranen 238 22 @

700 nm

= Minimierung Partikeladh&sion
3000 nm

I
o
PON=

w
o

- Abreinigung von HT Filterkerzen
= Erh6hung der Abreinigungs-
intensitat durch CPP

(@)

5

Adhesion force Fc 0 In
N
o
0

1000 2000 3000

- Betrieb von Filtersystemen 0
= Horizontale Filteranordnung Grain diameter d; /nm
>0 rs;i:z:;f%re:g;r:f gli\%giiwiwy .f('f,;c.ﬁ’f;;;f’ﬁ{ﬁf;"ﬂ;ﬁ;’mhe e & weLunourz ;“gf'ﬁ';mgg?mﬁnﬁ:::
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Tar analysis

Truls Liliedahl

Dept. of Chemical Engineering and Technology
Royal Institute of Technology

Stockholm, Sweden

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





Tar Is a problem during thermo-chemical
upgrading of biomass

Gasification at 700-800°C typically gives a tar consisting of
phenols and aromatic hydrocarbons covering a wide range of
molecular weights.

At temperatures below the dew point, the tars will either form
aerosols or condense directly on the imner surfaces of the
equipment, resulting in fouling of pipes and maybe
subsequent plugging.

Tars can also undergo dehydration reactions to form a solid
char and coke that further enhance the problems.

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





iy .
Feras Problems resulting from tar, cont.

VETENSKAP

39 OCH KONST o%

Y

Tar may also:

- Complicate the particulate removal from filters
- Enhance corrosion

- Result 1n energy losses

However, the amount of tar and 1ts composition contain
valuable information of the performance of, for
example, a gasification process.

Chemical Technology, KTH |IEA Bioenergy, ECN Petten, October 25 2007





Tar composition as a “Process fingerprint”
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G e tar levels and tar compositions
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Reaction conditions do also influence
tar levels and tar compositions

Conventional Flash High-Temperature Flash Conventional Steam High Tenperature Steam
Pyrolysis @50-500[C) Pyrolysis 600-650[C) Gasification (700-800(C) Gasification (900-
1000(C)
Acids Benzenes Naphthalenes Naphthalene
Aldehydes Phenols Acenaphthylenes Acenaphthylene
Ketones Catechols Fluorens Phenanthrene
Furans Naphthalenes Phenanthrenes Flouranthene
Alcohols Biphenyls Phenols Pyrene
Complex Oxygenates Phenanthrenes Naphthofurans Acephenanthrylene
Phenols Benzofuranes Benzanthracenes Benzanthracenes
Guiacds Benzddehydes Benzopyrenes
Syringols 226 MW P AHs
Conplex Phenols 276 MW P AHs

Chemical Technology, KTH

IEA Bioenergy,
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The term "tar" 1s vague, hence has it, and 1s 1t, being
discussed.

One definition 1s "organic molecules with a molecular
weight higher than that of benzene” (Mw 78).

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





Tar definition*, cont

Heavy tar = organic compounds with boiling points so
high that they can be analysed only by HPLC, not with
GC.

Light tars = organic compounds that can be analysed
with GC as well as HPLC.

Total tar = total of light and heavy tar

* Definition of KTH; other definitions exist

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007
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Aromatic hydrocarbons

CHa  GHj

@@@3@@

1 CHa 3

CHa CHa
’ 7
5 L3

1. Toluene C,Hy [108-88-3]"

2. Xylene C;Hyg (3 isomers) [1330-20-7]

3. Indene CgHg [95-13-6]

4. Biphenyl C;;Hg [95-52-4]

5. Naphthalene CygHg [91-20-3]

6. 1-Methylnaphthalene Cj;Hyy {90-12-0]

7. 2-Mcthnylnaphthalene CyH;q [91-57-6]

8. Acenaphthylene C;3Hg [208-96-8]

9. Fluorene Cy3Hgy [86-73-7]

1. Phenanthrene CygHyy [85-01-8]

11. anthracene CyyHgy [120-12-7]

12. Fluoranthene CgH,q [206-44.0]

13. Pyrene C gH;, [129-00-0]

14. Phenol CgHgO [108-95-2]

15. Cresol CqHgO (3 isomers) [o-: 95.48-T;
m-: 108-39-4; p-: 106-44.5]

Chemical Technology, KTH

Compounds found In
tars from biomass

Phenols

Bases
CH3
16 17 18 19

) a& CQ_
20 21 22 3

16. Pyridine CsHsN [110-86-1]
17. Picoline CgHsN (3 isomers)
[ce: 109-06-08, B: 108-99-6;
¥ 108=89=4]
18, 24-Lutidine C;HoN [108-47-4]
19. Ethylpyridine C;HgM (3 isomers)
[0-: 100-T1-0: m-: 536-78-T;
p-1 536-75-4]
20. Quinoline CoHsN [91-22-5]
21. Isoguinoline CyH.N [119-65-3]
22. Quinaldine C;,H;N [91-63-4]

® Chemical Abstract Registry Mumbers

IEA Bioenergy, ECN Petten, October 25 2007





N Compounds found In tars
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& e from biomass, cont

Y

CH, SH,
Benzens Tokuere -Mylirie Irecia
= i ! T

Naph halene
| # 2isomens 118 128

; “CH,
oH
o-Lreso

H
; ~CH, *
OH OH
Phenol Cresal m-Crasol OH
p-Cresol
H;

H.C
|: H.C CH,
G 3 3
i CH,
OH o
2 4-Xylenal e o
£) 3

3,5-Xylenol OH
2 B-¥ylenol

34-Xylenol

Phenolic compounds

Aromatics
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%@% Generic sampling and analysis

FKTHE principles for tar analysis
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Cold-solvent-trapping, CST!: = 100-1000 litres of a gas is passed through
a series of impingers containing a ice-cooled solvent. After
preparation, samples are subjected to GC to measure individual
compounds and gravimetry for total tar.

Solid-phase adsorption, SPA*: = 100 ml producer gas is passed through a
disposable cartridge containing 500 mg of amino-phase (modified
silica). After preparation, samples are analysed for individual
compounds by GC.

On-line tar analyzer’: The method is based on the comparison of the total
hydrocarbon content of the hot gas and that of the gas with all tars
removed. Hot gas from the gasifier is led directly into the set up.
Hydrocarbons are measured with a flame 1onisation detector.

LCEN/TS 15439 Biomass gasification -Tar and patrticles in product gases - Sampling and analysis (May 2006).

2 Brage, C.; Yu, Q.; Chen, G,; Sjostrom, K.; Fuel Vol.76, No. 2, pp. 137-142, 1997.
3 Moersch, O.; Spliethoff, H.; Hein, K.R.G. ; Biomass and Bioenergy 18 (2000) 79-86

Chemical Technology, KTH





n Guideline for sampling and analysis of tar
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FKTHY and particles in biomass producer gases
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CEN/TS 15439 Biomass gasification -Tar and particles in product gases
- Sampling and analysis (May 2006)

(tarweb.net)

Prepared for European Commission (DGXII)

Netherlands Agency for Energy and the Environment (NOVEM)
Swiss Federal Office of Education and Science

Danish Energy Agency (Energistyrelsen)

US Department of Energy (DoE)

National Resources Canada

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





Aim of Tar Protocol very ambitious

The Protocol provides a set of procedures for the
measurement of organic contaminants and particles in
producer gases from biomass gasifiers.

The procedures are designed to cover different gasifier types
(updraft or downdraft fixed bed or fluidised bed gasifiers),
operating conditions (0 - 900°C and 0.6 - 60 bars) and
concentration ranges (1 mg/mn’ - 300 g/mn?>).

Chemical Technology, KTH





The Tar protocol is a Technical
Specification (TS 15439)

CEN/TS 15439 Biomass gasification -Tar and particles in
product gases - Sampling and analysis (May 2006).

It 1s not a standard (yet?). When becoming that, it will
cease to be a specification (TS) and become a standard
(EN). Hence TS 15439 will become EN 15439.

Chemical Technology, KTH |IEA Bioenergy, ECN Petten, October 25 2007
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FKTHE Tar Protocol, sampling
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Module 4

@ Submodules

Module Module 2 B
LIS [ |

Gas
flow

Module 3

Submodules

Concept of the modular sampling train

Chemical Technology, KTH
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ar Protocol, sampling, cont.

Function Equipment
Module 1 (Gas Gas cooling, pressure letdown | Nozzle, valves, sampling lines
preconditioning)
Module 2 (Particle Separation and collection of Heated filter (high temperature)
collection) solids

Module 3 (Tar collection)

Moisture collection and partial
tar condensation
Tar collection

Drop collection

Condenser (1 impinger bottle)

Impingers with solvent (4 impinger
bottles
Empty impinger (1 bottle)

Module 4 (Volume
sampling)
SubModule 4.1
SubModule 4.2

SubModule 4.3

Gas suction
Gas volume integration

Vent/exhaust gas handling

Pump

Gas meter, needle valve (adjustment
and control of flow rate), rotameter
(flow indication), pressure and
temperature indicators

Outdoor ventilation

Chemical Technology, KTH

IEA Bioenergy, ECN Petten, October 25 2007
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FRT: Tar Protocol, sampling, cont.

VETENSKAP
S8 OCH KONST 9%
dé eb
Lo
(@
[
B 2 e -
Probe Particle filter _———
iheated) Flow T
JEids 1 indicator a5
Wolume

E [low meter
| -----
| F—

=1

Pitot

tubes

Pump

s ackup
Fie
B adsorber

Waler bath .

T Salt ¢ o

(T =20 2y _ it and ice
Cras washing bottles bath

(T =-207°C)

Atmospheric and iso-kinetic sampling train for tar and particles
with removable probe and pitot tubes for flow measurement

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





Solid-Phase Adsorption (SPA) for
analysis light biomass tar

SPA 1s used for the measurement of the concentration (mass) of
individual light aromatic hydrocarbons and phenols. The method 1s used
for the measurement of the concentration of individual light aromatic

hydrocarbons and phenols.

The method involves trapping of tar vapours on to aminopropyl-bonded
silica packed 1n a small polypropene cartridge. Analytes are desorbed by
two different eluents and the fractions analysed by gas chromatography

(GC) with flame 10nisation detection (FID).

Following the "like adsorbs like" principle, phenolic compounds are more
strongly held on this polar phase than the aromatic compounds.

Ref.: Brage, C.; Yu, Q.; Chen, G,; Sjostrom, K.; Fuel Vol.76, No. 2, pp. 137-142, 1997.

Chemical Technology, KTH
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Through traditional SPA can compounds ranging in molecular
weight from 78 (benzene) to 300 (coronene) be determined.

-
T e, e

1
= s - -
R

L, _,.-.:
e e

Benzene Coronene

Internal standards for the quantitative analysis are TBCH [tert-
butylcyclohexane] and PEP [p-etoxyphenol. Derivatisation of the
phenolic fraction is for improving the chromatographic
performance.

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





SPA, cont

The SPA-method 1s restricted to GC-available (GA)
compounds only. However, these compounds are
significant process markers that provide good measures
of reactor performance and gas quality.

At 900°C do the GA-compounds roughly correspond
to the total tar amount.

Chemical Technology, KTH
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Analysis Scheme for Gasification Tar

[Tar in product gases ]

Y
SPA (Solid Phase Adsorbent)
using syringe or pump

Sampling [

4

Elution (helium pressure)

Sample preparation A:DCM !
B:DCM + IPA2+ ACN?3

A B

v v

Arom atic Phenolic
com pounds\l/ compounds

Analysis [ Analysis by GC-FID*

1DCM = dichloromethane
21PA = isopropanol
3 ACN = acetonitrile

Chemical Technology, KTH $GC-FID = gas chromatography with)energy, ECN Petten, October 25 2007

flame ionisation detection
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FKTHE SPA sampling
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“T* needle, SPE-NH?2 The SPE tube is Custom mgde reyersible
tube and syringe 100ml capped in both ends SPE tube, it consists of a
| after sampling. female Luer inlet and a

Luer male outlet.
Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





S Example of a SPA analysis

FKTHS

G e experimental set-up

et

Tar sampling point B

.y Product gas
2 (to the gas cleaning
_ _ system

)
Product gas — 4 = D s~ proquct gas
(from the gasifier) (to the gas cleaning
system)
InE | Tar sampling point A
t t
Ceramic filter Catalytic bed

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007
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Fork SPA sampling at low tar concentrations

Gt and separate BT X analysis

e

Determination of light tar in low concentrations

Adsorbent for
Benzene, Toluene
and Xylene (BTX)

Adsorbent for other
compounds

Syringe needle

Chemical Technology, KTH
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Sample inlet

\

f

Pump Flow meter
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FKTH Basic principle of on-line tar
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FIIJ 1

Tar Filter Pynass
Het Gas : Creans H Gvin — pymp
mnnhllmﬁ d00°C | Wt .
m—— L H= : | e
L

Ref.: Moersch, O.; Spliethoff, H.; Hein, K.R.G. ; Biomass and Bioenergy 18 (2000) 79-86
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Drawbacks of methods

CST: long sampling time, laborious and time
consuming sample preparation. Not useful for minute-
by-minute monitoring.

SPA: Can not be used for heavy tar measurements.
BTX analysis can be problematic.

On-line analyser: expensive and poorly documented.
Not useful for measurement of individual compounds
and low tar concentrations.

Chemical Technology, KTH





ey A (biased?) comparison between

FKTHY

N SPA and the Tar protocol
> SHES™®
Sampling train (”Tar Guideline™) SPA ("KTH”)
Advantages: Advantages:

- Gives total tar, heavy and light tar - Uncomplicated and fast

- Low cost

- High accuracy and reproducibility
Drawbacks: : .
- Sampling and analysis can be done

- Time consuming, sampling as well separately
as analysis

- Large solvent volumes Drawbacks:
- Not suitable for (very) low tar - Not suitable for heavy tars
concentrations

- B(TX) must be analysed within a few
- Low precision hours

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





Benzene, naphthalene and phenol versus
time In a fluidised bed at 900°C

M Bergens
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New method for measurement of total
tar and individual compounds

To overcome some of the problems associated with
traditional methods KTH 1s developing a new analytical
method for measuring total tar.

The heavy tars typically constitute an important
fraction of biomass tar formed below 800°C. The heavy

tars are not GC-available.

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





New method, cont

Two different approaches 1s being studied for
quantification of the heavy tar:

e Gravimetry
e High performance liquid chromatography (HPLC)

The gravimetric measurement 1s suitable for a tar mass
ranging from = 25 mg and upwards, while HPLC require
only about 1 mg of tar.

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





S New method for analysis of total tar

FKTHS
"o‘i%.x_g?% /’ \
To
vent
A
SPA
—’, .
sampling

Flow

e Sampler controller

Producer To »
gas vent
inlet

- 4

Ref.: Brage, C., Yu, Q., Sjostrom, K., A New Method for the Analysis of Heavy Tar in
Raw Producer Gases from Biomass Gasifiers, Presented in the poster session of the 15th
European Biomass Conference & Exhibition ICC Berlin, Germany, 7-11 May 2007.

Chemical Technology, KTH





N New method for analysis
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G v of total tar, cont

e

"T”-connector wrapped with
heating tape and sampler

Sampler mounted on atmospheric
fluidised bed gasifier

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007





Froducer

Sampling
(time 10-30 min)

Chemical Technology, KTH

The sampling and analysis steps In
new method for total tar analysis

Sampling
Sample Tar is dissohed
preparation in organic sohrents

Gravimetr Weighing after
solvent removal

Gas chromatography, GG
g Heavy tar=
:tahuhtlnn: . O

The analysis steps
(time 2-2.5 h)

IEA Bioenergy, ECN Petten, October 25 2007
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CEN/TS 15439 Biomass gasification -Tar and particles in product gases- Sampling and analysis
(May 2006), Prepared for European Commission (DGXII) Netherlands Agency for Energy and
the Environment (NOVEM) Swiss Federal Office of Education and Science Danish Energy
Agency (Energistyrelsen) US Department of Energy (DoE) National Resources Canada, J.P.A.
Neeft, H. A.M. Knoef, U. Zielke, K. Sjostrom, P. Hasler, P.A. Simell, M.A. Dorrington, L.
Thomas, N. Abatzoglou, S. Deutch, C.Greil, G.J. Buffinga, C. Brage, M. Suomalainen.

Moersch, O. Spliethoff, H., Hein, K.R.G., Tar quantification with a new online analysing
method, Biomass & Energy 18 (2000) 79-86.

Brage, C., Yu, Q., Description of the Solid-Phase Adsorption (SPA) Method for Light Biomass
Tar Analysis, Department of Chemical Engineering and Technology, Chemical Technology,
Royal Institute of Technology (KTH), S-100 44 Stockholm Sweden, 2007.

Brage, C., Yu, Q., Sjostrom, K., A New Method for the Analysis of Heavy Tar in Raw Producer
Gases from Biomass Gasifiers, Presented in the poster session of the 15th European Biomass
Conference&Exhibition ICC Berlin, Germany, 7-11 May 2007.
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- Tarweb
- GasNet
- Pynet

Chemical Technology, KTH IEA Bioenergy, ECN Petten, October 25 2007
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VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Matti Reinikainen D.Sc.(Chem. Eng.)

e Since1987 at VTT

« 1989-1991 AIST-fellow at NCLI in Tsukuba, Japan (C1-Chemistry
program, FT-pilot plant)
» 1995 STA-fellow at TNIRI in Sendai, Japan

» 1995 Licentiate's thesis on Co-catalysts for vapor phase
hydroformylation

» 1998 Doctor's thesis on Co-Ru-catalysts for FT-sythesis

* 1996-1999 superintendent of the synthesis pilot-plant (special
chemicals) at VTT

« 2000 - industrial contract research projects on catalysis
« 2006 moved to Gasification team
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Biomass gasification gas effluents

» Gasification gas: H,, CO, CO,, H,O
 Impurities:
« Particulates entrained from the gasifier
* Low- and high-molecular-mass organic compounds (tars)
* H,S, COS and other sulphur gases
* NH;, HCN and other inorganic nitrogen-containing impurities
« Other gaseous impurities:
« HCI
« Alkali- and heavy metals in vapour phase
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Tar characterization

700
« HEAVY TARS
600 - « Gravimetric analysis
'80 » Total amount
200 ... « Components by GC
:5 Coronene
= 400 -
E 9
(@]
o -
= D=,
S 300 - Phenanthrene
[a]
200 | OO
Naphthalene
100 - o
Benzene
0






Tar characterization

Tar in gasification gas

Tar sample in solvent (IPA) Heavy tar sample on condenser
and filter at 150°C

Gravimetric tar Tar by GC-analysis Condenser and filter extraction
-Evaporation at 105°C *b.p. 80 - 400°C by IPA
*b.p. >400°C
«Distillation at 75°C Heavy tar sample in solvent
*b.p. >200°C | | |
Gravimetric tar Tar by GC-analysis
*Evaporation at room temp. *b.p. <530°C

*b.p. > 350°C
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Typical routinely analyzed "light" tars

« HP 6890 gas chromatograph

* HP Ultra 2 (crosslinked 5 % Ph
Me Silicone), 25 m, od. 0.32
mm, film 0.52 ym

» Autosampler, samples in IPA
* Analysis time ca. 50 min

Depending on the starting
material and reaction conditions
more phenolic or ketone (lignin
decomposition products)
compounds may be present in
the gas

Benzene
Pyridine
1H-Pyrrole
Toluene
m-Xylene
Ethylbenzene
Styrene
Ethynylbenzene
o-Xylene
Benzaldehyde
Phenol
Benzonitrile
4-Methylstyrene
Indene
o-Cresol
p-Cresol
m-Cresol
Naphthalene
Quinoline

Isoquinoline

1H-Indole
2-Methylnaphthalene
1-Methylnaphthalene
Biphenyl
2-Ethylnaphthalene
Acenaphtylene
Acenaphthene
Dibenzofurane

Bibenzyl
2-Methyl-1-Naphthol
Fluorene

Phenanthrene
Anthracene
4H-Cyclopenta(def)Phenanthrene
Fluoranthene
Benz(e)acenaphthylene
Pyrene
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Light 'tars'
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qumollne 1H-indole indene .
biphenyl O O OO

dib ‘ OO acenaphthylene acenaphthene
OH ibenzofurane
0 OO —

2-methyl-1-naphthol bibenzyl phenanthrene
fluorene ' .
anthracene pyrene O

fluoranthene WT
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* Analysis time 15-20 min
+ Calibrated compounds:

* HP-1 column, 10 m x 0.53 mm X

Benzene
Toluene
Naphthalene
Phenanthrene
Anthracene
Fluoranthene
Pyrene

0.26 um

» Also with gas phase samples on-

or offline

Rapid tar analysis
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Micro-GC

Agilent-3000-series micro GC (RGA)

A portable unit with 4 separate channels
each equipped with a micro-TCD

High sensitivity and good linearity
Columns:
* PlotU, 8 mx0.32 mm
e OV-1,10 mx 0.15 mm
* Alumina plot, 10 m x 0.32 mm
* Molesieve 5A, 10 m x 0.32 mm

Calibrated compounds: H,, CO,, CO,
N,, CH,, O,, Benzene, Toluene, C,H,, 1-
C,Hg C,H,, C,Hg, C,H,, 1,2-propadiene,
Methyl acetylene, i-C,H,,, n-C,H,,,
C;Hg, n-C/H,,, t-2-C H,, i-C,H,, c-2-
C,Hg, i-C5H,, n-C;H,,, 1,3-butadiene, t-
2-C.=, 2-Me-2-C =, 1-C=, ¢c-2-C,=, (Ne,
Kr)

* Analysis time 3 min






Micro GC: an example of performance

Signal Retention Type

Time

=594 CZHZ

TCDT A

?2.?19

]

406

n.707

:f"...'v’éﬁ - Benzene

TCDZ A

et

f2.598 -~ Toluene

1,355 BB
2,598 BB

0,902 BB

=258

[

0.902 - C3HGS

5100

TCDZ2 A

2 435 . n-C5H1Z

]3.258

2,435 BP

|

0pFG4 - H

TCDa A

co

0.5

0,664 PP

0,976 BB
1,243 BB
1,647 BB

AP RABPAPBREAPREPPRROVDLOLVLLWLWLWWLWWWWWWWWNNDNDN-_A A A A
—
\‘
[(e]
=

Area Amt/Area Amount Name
[%]

5,00E+05 6,31E-05 31,57148 CO2
3,20E+04 6,15E-05 1,96607 C2H4
5930,751 5,72E-05 0,33945 C2H6
926,313 7,41E-05 0,0686 C2H2

0 2,64E-308 0 1,2-propadiene

0 2,64E-308 0 Methyl acetylene

0 2,64E-308 0 iso-butane

0 2,64E-308 0 n-hexane
1,38E+04 2,57E-05 0,354 Benzene
527,6042 2,82E-05 0,01485 Toluene

0 2,64E-308 0 C3H8
22,80339 4,84E-04 0,01105 C3H6

0 2,64E-308 0 n-C4H10

0 2,64E-308 0 t-2-C4H8

0 2,64E-308 0 i-C4H8

0 2,64E-308 0 1-C4H8

0 2,64E-308 0 c-2-C4H8

0 2,64E-308 0 i-C5H12
448837 3,61E-04 0,00162 n-C5H12

0 2,64E-308 0 1,3-butadiene

0 2,64E-308 0 t-2-C5=

0 2,64E-308 0 2-Me-2-C4=

0 2,64E-308 0 1-C5=

0 2,64E-308 0 c-2-C5=

0 2,64E-308 0 Neon
1,32E+05 1,87E-04 24,65495 Hydrogen

0 2,64E-308 0 Oxygen
5420,906 2,15E-03 11,67111 Nitrogen
7928,107 9,74E-04 7,72396 CH4
8732,248 2,47E-03 21,57287 CO
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Analysis methods in laboratory experiments

» With simulated gas feeds FT-IR can
effectively be used to analyze aliphatic
hydrocarbons, tar model compunds
(toluene/naphthalene) and H,S

* H,, CO, CO,, O, and CH, are analyzed
with continuous gas analyzers
* In addition, on-line GC-FID (Poraplot-

Q-column) is used, especially with
more complex feeds.
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Novel power plant: 1.8 MWe + 3.3 MW heat

Tar
reformer

- Kokemaki, Finland
- electric efficiency 30 %

Scrubber

Novel

gasifier

Gas cooler
and Filter

3 Gas engines

12
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0.5 MW pressurized fluidized bed gasifier for synthesis applications (UCG-PDU)

PFB GASIFIER _
To slip stream
testing facilities
A
'l B Gas
o | I cooler Pressure
materia CATR
Additive | S Con:[:‘cllI valve_I:]_
Fuel feeding - l
equipment - [
N/ K
W
\
Heatin )
/ e|emengts g:s;tg;gs Furnace
: FILTER
Xygen = 2
g Ash
Steam i removal
Air

. Bed
Nitrogen removal
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Gas analyses at VTT's larger test facilites

* Routine offline analyses:

» Gas sample bags for light HC's,
permanent gases

» Light tars
* (HCI, N-compounds, alkalis, heavy tars)

* On-line-analyses:
+ Continuous gas analyzers (H,, CO, CO,,
O,, CH,)

* Quadrupole MS (benzene, toluene,
naphthalene, H,S)

* Micro-GC (permanent gases, HC's)
» Rapid tar analysis with a GC

14
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Tar measurements at Kokemaki plant

350.0 Gas tar content

300.0 —e— light tar compounds

—m®— naphthalene
250.0 PAH

200.0

150.0 <
100.0 *

50.0 - \‘\‘\‘

0.0

Content (mg/n3n)

80 Gas naphthalene
Engine power increase content by MS

. \ ~.

e ¥

50 -

40 A

30

Content (vol-ppm)

20

10

Reformer performance on 31.05.2006
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Example of light tar sampling

Purge (nitrogen)

150 - 400 °C

————————— 7 Stainless steel tubing

Flow control valve

/ Il %:D
Glass or ' Pump
PFTE -tubing | s
: )
-
IPA IPA IPA IPA l
Ice-water + NaCl Gas meter
-15--20°C

* No grease can be used with the ground glass joints (instead dry or wet

spray is used WT

16
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Raw- and clean-gas sampling probes

e sampling from the 0.5 MW UCG-PDU

17
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Vapor phase halogen sampling

« Sampling line quartz-lined

Cooling

Water injection 10 mlmin

« Only the water in the first bottle is free 120
analysed (based on capillary [
electrophoresis) Sample —4 '

/ flow
f 5 Infmin

| 5i02-liner
'__,-"'

Gas from filker

Main washing
bottle

Gas washing Gas drying Flow meter

18
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Determination of alkalimetals

Water and toluene adsorbents \_I ,
Sampling line must be heated L |
Analysis of the water phase is l o ave earen
fairly straightforward, but the t g |
treatment of the tar-containing T aren
toluene-phase is difficult =1
A new simpler method is under e NP
development ! /

A

GAS WASHING

COOLING
WATER

19
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Sampling line with a condenser, gas analyzers and filling
of sampling bags

GAS PIPE
PURGE . —HEATING VENT
| QUARTZ FIBRE
@ FLOW CONTROL FILTER
SHUT-OFF VALVE VALVE1 X i
= 'lDIC:
ROTAMETER
....... pq BY;pASS
GAS z
BULB .
GAS FLOW CONTEOL
e T PUMP CONDENSER
GAS SAMPLING f GAS ANALYZERS
i B [
__________ E _
@ FILTER.
" ﬂ '|u'|u'|u1 r|u1|u
S Q b
GAS METER _
PUMP FLOW CONTROL GAS WASHING BOTTLES WT
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Offline permanent gas & light HC and light tar samples

Tedlar® bags Tar samples in IPA - yellow color from
acenaphthylene

21
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Summary of analysis methods

Analysis Online:

Hz, Oy, CO, CO2, CHa, N>

a) continuous gas

Offline:

Sampling bag — GC-TCD/FID

analyzers
b) RGA-GC
¢) Micro-GC
C,—Cs HC's, benzene, GC-FID Sampling bag — GC-FID
toluene
Benzene, toluene, MS
naphthalene
In laboratory: FT-IR, GC-FID

H,0O, CO, CO;, CHy, C1—
Cs HC's, Benzene,

Toluene
Light tars Rapid method with a GC- | IPA-solution — GC (rapid or
FID multicomponent analysis)

H.0 GC-TCD (from light tar sample)
Gravimetric analysis from condensate

Heavy tars Gravimetric methods

NH3 GC-TCD Kjeldahl distillation from H,SO4-
solution

CN’ NaOH solution, distillation, ion-
selective electrode

H,S, COS MS (H,S) Sampling bag — GC-FPD

HCI IPA-solution — Capillary electroforesis

As, Sb, Cd, Co, Cr, Cu,
Mn, Ni, Pb, Zn, Tl, Sn, V

HNO3 + IPA-solutions — ICP-AES,
ICP-MS, GFAAS

(not Hg)
Hg 4 % KsCry07 in 20 % HNO3; — CVAAS
Alkalis ICP from toluene and water

Particulates

Various methods
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Trends and current activities

» Synthesis gas is fairly clean making it possible to use new analytical
methods

* On-line GC
* On-line MS
» Ususally no need for dilution

« Development of a method for the analysis of very small sulphur
concentrations

* New method for the analysis of alkalis
« New method for the on-line analysis of nitrogen
* Improvement in data storage and handling

23
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Additional information

« VTT Publication: Pekka Stahlberg et al., Sampling of contaminants
from product gases of biomass gasifiers,
http://www.vtt.fi/inf/pdf/tiedotteet/1998/T1903.pdf

« Matti.Reinikainen@vtt.fi

24
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Overview
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The tar concentration and tar dew point
paradox

26-11-2007

170

Measured tar dew point [°C]
al Qo
o o

N
o

N
o

140

110

Calculated tar dew point [°C]

Energy research Centre of the Netherlands

Most data obtained downstream a lab-tar condensor

S

( Eﬁfc

lows tar doncentratio
oW Biponeenpat
| Lab-OLGA
Filot duration j&5t
- Before boos,t@r centration)
Il
-10 20 50 80 110 140 170

www.ecn.nl
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The Tar problem further analyzed

* Heavy tars - Tar dew point (x350°C)
* Light tars - Phenols

* Light tars - Naphtalene

* Light tars - Tar dew point (0-200°C)
* Water - Water dew point (x60°C)

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl





Our experiences with gas cleaning
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The importance of dew points (1)

Particle separation

cyclone or
Hot Gas Filter

Tar dew point + 350 °C

Temperature °C

Water dew point + 60 °C

Dew points & process choices Dahlman Filter Technology

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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The importance of dew points (2)

Particle separation

cyclone or
Hot Gas Filter

TDP +350 °C

OLGA
Separation of:
tars & fine particles

Temperature °C

Water dew point + 60 °C

Tar dew point <10 °C

Dew points & process choices Dahlman Filter Technology

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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The importance of dew points (3)

Particle separation

cyclone or
Hot Gas Filter

 fine particles

S

o TDP + 350 °C

% OLGA

5 paration of:
o

=

()

|_

Water dew point + 60 °C Water Quench

condenser & scrubber
(inorganics)

(L WDP + 30 °C

Tar dew point <10 °C

Dew points & process choices Dahlman Filter Technology

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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Oil based gas cleaning (1)

thermal cracker
100% 100% 100% 50%
P
r :
(0] - monolit reactor / reversed flow cracker
c ceramic
e filter ]
p char adsorption
100% 50% 80%
S cyclone
t O I el e e mm mm mm e i = e = = §——————§
e tar dew-point
m ;
P
e bag house
r filter :
",E‘ water dew-point
r .
e
70% 40% 90% aqgueous scrubber
100% 100%
95% ESP 95%

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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Oil based gas cleaning (2)

thermal cracker

100% 100% 100% 50%
P
r : :
o - monolit reactor / reversed flow cracker
c ceramic
e filter _
S char adsorption
100% 50% 80%
S cyclone j J
t — — — — _— —_— L] _— -E L] — — — — —i — — — — — E— _____ %_ — L — — _§
e
g OLGA % :
advanced tar scrubber
e bag house ( )
r filter 100% 100% 100%
a
t . . . .
r -
e
70% 40% 90% aqueous scrubber
100% 100%
95% ESP 95% : e
dust . heavytar | lighttar | hetert%clgyclic NH;3 HCI

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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- On-site gas analysis

- Off-site gas analysis

- Wet chemical sampling
- Tar sampling

- Tar dew point analysis
- Particle size distribution
- Dioxin sampling

26-11-2007 research Centre of the Netherlands www.ecn.nl
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Performing gas analysis (2)

P=1->20bara
Td=-20°C to 175°C

Hydrocarbons
Water

Sensor originates from
natural gas measurements

Cooperation with
Michell Instruments

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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Performing gas analysis (3)

2200 +

\
.‘
|
1200 %\_
\
&

Signal Change, mV (W on display’

1000
800 -
600 - \ B-r
400 -
| s
200 + i e T =
\ = = —
||
\

O T T T T T 1
50,0 55,0 60,0 65,0 70,0 75,0 80,0 85,0 90,0 95,0 100,0

Optical Surface Temperature, deg.C

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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Tar dew point measurements

170 Most data obtained downstream a lab-tar condensor
£ 140 (2)
- . /
% Lab-TREC
2 110 low tar concentration)
2 | Lab-OLGA
B
E 80
gl
2
s 90
7
o
]
= 20 Filot duration Test

- Before booster (low tar concentration)
-10
-10 20 50 80 110 140 170

Calculated tar dew point [°C]

www.thersites.nl
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Performing gas analysis (4)

Wet Chemical Sampling by means of washing bottles

NH, Diluted HNO, Range depends on sample volume (1ppm)
HCN 5[M] NaOH Range depends on sample volume (1ppm)
SO, Diluted H,O, Range depends on sample volume (1ppm)
HCI H,O Range depends on sample volume (1ppm)

Tar Sampling and analysis
SPA method | Analysis at ECN on a-polar compounds (GC-FID-MS)
Guideline Analysis at ECN on (a)-polar compounds (GC-FID-MS)

Other
Dioxin sampling Analysis in Sweden
Particle size distribution
Dust Elemental composition at ECN

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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Performing gas analysis (5)

On-site and on-line On-site and semi on-line with microGC
CO NDIR vol% H, O,/Argon, N,, CH,, CO, Both in vol%
co,, C,H,, C,H,, C,H,, H,S, as in ppm

co, |NDIR vol% COS, benzene, toluene range
~10 ppm

CH, [ NDIR vol% On-site and off-line with gas bags

(0-50)

H, TCD vol% Hydrocarbons ppm

O, Paramagnetic vol% Sulphur compounds ppb-ppm

NO, NDUV ppm

Chemoluminescence | (0-10000)

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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ECN condens pot ®

Cooling till 5°C
Contains filter thimble

26-11-2007 Energy research Centre of the Netherlands www.ecn.nl
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Performing gas analysis (6)

* Reference list (2006)

* Netherlands = Brabant/Limburg (3x) = syngas chicken dung gasifier
* Netherlands - Utrecht - process gas fuel cell stack

* Netherlands - Amer centrale - syngas gasifier

* Netherlands > EON maasvlakte R’"dam combustion gas power plant
* Netherlands - Aarding A'dam - combustion gas afterburner

* Netherlands > Zeeland - process gas torrefaction plant

* Austria & Process gas gasifier

* Czech - Combustion gas wood burner

* Canada - Syngas Batelle gasifier

*  France - Process gas gasifier

* Germany > Syngas gasifier (5x)

* Germany - Combustion gas paweplant
* Costa Rica = Process gas gasifier

* Denmark - Process gas gasifier

* England - Combustion gas power plant
* England - Process gas gasifier

v

18 26-11-2007 Energy research Centre of the Netherlands
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Concluding remarks

* ECN people are pragmatic

* Tar dew point is more important than tar
composition

* Tar dew point with state of the art gas cleaning <
10°C

Energy research Centre of the Netherlands www.ecn.nl
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