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Summary

Summary

Alternative, environmentally sound and renewable energy resources are becom-
ing increasingly important in view of the world’s ever increasing population and energy
demand and the consequences of the usage of fossil fuels. A possible resource are waste
materials such as waste wood and waste plastics. The conversion of these waste fuels into
the clean energy carrier methanol may be accomplished by thermochemical gasification
as proposed in the BIOMETH project. The waste wood does however contain exobiotic
contaminants such as heavy metals and chlorine not found in untreated forest wood. The
behaviour of this contaminated fuel in a gasifier has so far not been studied systematically.
Also the co-gasification of biomass and plastics has received little attention. The aim of
the present thesis is therefore to shed light on the gasification behaviour of the above men-
tioned fuels and mixtures thereof, with special emphasis on differences in the yield and
composition of the product gases and tar by-products.

For this purpose, a stationary fluidised bed gasification reactor facility was built
at the Paul Scherrer Institute. With this installation, the gasification process occuring in
industrial sized reactors has successfully been simulated and the differences in the gasifi-
cation behaviour of different fuels under well-defined operational conditions can be es-
tablished. The operational parameters studied were temperature or equivalence ratio
(which are equivalent in an autothermal gasifier for a given fuel humidity), gasification
agent (air or steam/oxygen mixtures), steam to biomass ratio and reactor load. The fuels
used in the tests were uncontaminated wood in the form of saw dust (“standard clean
wood” SCW), urban waste wood (“Altholz” AH) pre-treated for combustion in a cement
kiln (i.e. free of metals, stones and milled), mixtures of Altholz with polyethylene
(AH+PE) and mixtures of Altholz with polystyrene (AH+PS). The polymers were chosen
as they represent the largest fraction of waste plastics and their fraction in the total fuel
was also varied. Another fuel parameter studied was the particle size of the unconatminat-
ed wood fuel. Data on the gas composition obtained under different conditions as well as
tar amount and detailed information on the tar composition was gathered as well as mass
flow information enabling for the establishment of mass balances. The analysis of the gas
composition has been performed on-line with a process mass spectrometer capable of si-

multaneous analysis of seven gas components at different loactions in the reactor.




Summary

Tars are products from the thermolysis reactions of biomass. This thermolysis is
usually named pyrolysis. As gasification is carried out at relatively high temperatures, the
pyrolysis step(s) will occur and consequently the tars will always be present in the gasifi-
cation products. The pyrolysis of biomass has been extensively studied and some insight
in the conditions leading to a certain tar has been achieved. Still, the composition and
amount of the tars in a particular gasification system has to be experimentally determined.
In the case of plastics the situtation is similar.

A tar sampling and analysis method was adapted and extensively tested in the
course of the experiments. The sampling is based on the absorption of the tar constituents
in organic solvents. The quantitative analysis of the tar components was made using gas
chromatography coupled with mass selective detection (GC/MSD). A series of 40 com-
pounds, representing the typical composition of the tars of fluidised bed gasifiers, is quan-
tified by this method yielding the tar amount and composition.

Altholz and clean wood yield gases of comparable composition. However, the
contaminants in Altholz exhibit catalytic effects on the gas composition, especially when
gasifying in steam/oxygen mixtures. Significantly lower tar concentrations have been de-
tected for the gasification of waste wood. The tar composition is very similar for both bio-
masses. In the range of parameters studied, the gasification agent seems to play only a mi-
nor role in determining the tar amount and composition. The particle size is seen to have
an influence on the amount but not on the composition of the tars. A finer fuel produces
larger tar amounts in the gas.

The admixture of plastics yields a different thermal behaviour of the fuel, leading
to higher gasification temperatures under otherwise identical conditions. Both plastics
studied cause a marked increase in the tar amount in the gas, especially at low equivalence
ratios. The tar amounts may however be lowered by increasing the equivalence ratio. The

effects observed are clearly dependent on the amount of plastics added to the waste wood.
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Zusammenfassung

Zusammenfassung

Alternative, umweltvertragliche und erneuerbare Energiequellen werden zuneh-
mend wichtiger in einer Welt, in der Bevilkerung und Energieverbrauch immer wachsen
und eine verstiarkte Nutzung fossiler Energiequellen unabschitzbare Folgegefahren birgt.
Eine interessante solche Quelle sind Abfille wie Altholz und Abfallkunststoffe. Die
Umwandlung dieser Ressourcen in den sauberen Energietrager Methanol kann via ther-
mochemische Vergasung erzielt werden, wie im Projekt BIOMETH vorgeschlagen. Altholz
enthilt aber im Gegensatz zu naturbelassenem Holz Schadstoffe wie Schwermetalle und
Chlor. Das Verhalten dieser Schadstoffe in einem Vergaser wurde bislang nicht systema-
tisch untersucht. Co-vergasung von Biomasse und Kunsstoffen wurde ebenfalls bisher nur
unzulénglich studiert. Das Ziel der vorliegenden Arbeit ist also, das Vergasungsverhalten
dieser Brennstoffe und deren Gemische zu untersuchen, wobei besonders auf Unter-
schiede in der Gas- und Teerzusammensetzung sowie der Teermenge eingegangen wird.

Fiir diesen Zweck wurde am Paul Scherrer Institut eine Anlage nach dem Prinzip
der stationdren Wirbeschicht aufgebaut. Diese Versuchsanlage erlaubt die Simulation der
Vergasungsprozesse, wie sie in grosseren Anlagen stattfinden. Unterschiede im Ver-
gasungsverhalten verschiedener Brennstoffe konnen damit unter kontrollierbaren Pro-
zessbedingungen festgestellt werden. Die Parameter, welche mit dieser Anlage untersucht
wurden, sind die Temperatur oder das Verhéltnis von Sauerstoff zu Brennstoft (welche in
einen autothermen Vergaser bei gegebene Brennstofffeuchte equivalent sind), das Ver-
gasungsmittel (Luft oder gemische aus Sauerstoff und Wasserdampf), das Verhiltnis von
Dampf zu Biomasse und die Reaktorleistung. Zum Einsatz kamen folgende Brennstoffe:
naturbelassenes Holz in Form von Sidgemehl (“standard clean wood”, SCW), Altholz
(AH), welches in einen Zementwerk aufbereitet wurde (d.h. frei von Metallen, Steinen
und fein zerkleinert), Gemische aus Altholz und Polyethylen (AH+PE) und Gemische aus
Altholz und Polystyrol (AH+PS). Diese Kunststoffe wurden ausgewihlt, weil sie die
Hauptbestandteile von Kunststoffabfillen sind. Der Effekt des Anteils Kunststoff im
Brennstoff wurde auch untersucht. Weiter wurde der Einfluss der Brennstoffpartikel-
grosse anhand von zerkleinertem, naturbelassenem Holz studiert. Die Materialfliisse, die
Gaszusammensetzungen, die Teermengen und -zusammensetzungen, welche unter ver-
schiedenen Bedingungen resultierten, wurden gemessen, um Massenbilanzen der Anlage

zu erstellen. Die Gasanalyse erfolgte durch ein on-line Massenspektrometer, welches pa-
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Zusammenfassung

rallel die Konzentration von sieben gasformigen Komponenten an verschiedenen Orten
des Vergasers misst.

Teere sind Produkte der Thermolyse von Biomasse, auch Pyrolyse genannt. Py-
rolyse ist ein integraler Bestandteil der Vergasung, da der Brennstoff auf vergleichsweise
hohe Temperaturen gebracht werden muss, um zu vergasen. Deshalb sind Teere immer
Bestandteil der Vergasungsprodukte. Die Pyrolyse von Biomasse wurde eingehend stu-
diert, und qualitative Aussagen konnen in Bezug auf die zu erwartenden Teer-
komponenten in einem Vergasungssystem gemacht werden. Allerdings muss die genaue
Menge und Zusammensetzung der Teere experimentell ermittelt werden. Fiir Kunststoffe
ist die Situation dhnlich.

Eine Teermessmethode wurde entwickelt und in den Versuchen eingehend ge-
testet. Die Teerprobenahme basiert auf der Absorption der Teerkomponenten in orga-
nischen Losungsmitteln. Eine Reihe von 40 Subtanzen, charakteristisch fiir die Teere von
Wirbelschichtvergasern, wurde mittels Gaschromatographie mit massenspektrome-
trischem Detektor (GC/MS) quantifiziert und daraus die Teermenge und Zusammenset-
zung ermittelt.

Altholz und naturbelassenes Holz ergeben vergleichbare Gaszusammensetzun-
gen. Die Schadstoffe im Altholz zeigen allerdings einen katalytischen Effekt auf die Gas-
zusammensetzung, besonders bei der Vergasung in Sauerstoff/Dampf-Gemischen. Die
Teermenge ist bei Einsatz von Altholz merklich tiefer als bei naturbelassenem Holz, auch
wenn die Teerzusammensetzung sehr dhnlich ist. Im untersuchten Parameterbereich
konnte kein Einfluss des Vergasungsmediums auf Teermenge und -zusammensetzung
festgestellt werden. Die Partikelgrosse des Brennstoffes hat einen merklichen Einfluss auf
die Teermenge: je feiner der Brennstoff, umso grosser ist die Teerkonzentration im Gas.

Die Altholz/Kunststoft Gemische zeigen ein anderes thermisches Verhalten als
“reines” Altholz: die Vergasungstemperaturen waren merklich hoher bei den Kunststoff-
gemischen unter sonst identischen Bedingungen. Beide Kunststoffsorten verursachten
eine deutliche Zunahme der Teermengen. Diese Unterschiede waren besonderst aus-
geprigt bei tiefen Sauerstoff/Brennstoff-Verhédltnissen und nahmen mit zunehmenden
Sauerstoff/Brennstoff-Verhiltnissen ab. Die beobachteten Effekte waren ferner von der

zugegebenen Menge Kunststoff abhidngig.
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Nomenclature

Nomenclature

EMPA

ER
IGCC
LDPE
LLDPE
HDPE
HIPS
LHV

Altholz.

Bubbling fluidised bed.
Circulating fluidised bed.
Dry, ash-free.

Particle diameter.

Largest particle diameter of a particle size distribution.

Mean particle diameter.
Upper particle diameter of class i (discrete particle size dis-

tribution).

Width of class i (discrete particle size distribution).

Mean patricle size of class i (discrete particle size distribu-
tion).

Swiss Federal Laboratories for Materials Testing and Re-
search.

Equivalence ratio.

Integrated gasification/combined cycle.

Low density polyethylene.

Linear low density polyethylene.

High density polyethylene.

High-impact polystyrene.

Lower heating value. Energy released in the combustion to

gaseous CO, and gaseous H,O (water vapour).

Particle size classes in a discrete particle size distribution.

Mass flow of component i.
Molecular mass of component i.

Mass to charge ratio.
Polycyclic aromatic hydrocarbons.

Polyethylene.
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Nomenclature

PC

PSI

PS

PTFE
on-line MS
GC
GC/FID
GC/MSD
RPM

Umnf

Up
q3(d,)

q3,i

5

Q3 (dp)

Qs

AQs3 ;

b}

Wi daf

SCW

Personal computer.

Paul Scherrer Institut.

Polystyrene.

Polytetrafluorethylene (Teflon).

On-line mass spectrometer.

Gas chromatograph.

Gas chromatograph with flame ionisation detector.
Gas chromatograph with mass selective detector.
Revolutions per minute.

Minimum fluidisation velocity.

Superficial gas velocity.

Particle size distribution density.

Discrete particle size distribution density.

Mass or volume fraction of particles with a diameter smaller
than d,,, cumulative mass distribution (continuous particle

size distribution).

Mass or volume fraction of particles with a diameter smaller
than d,;, cumulative mass distribution (discrete particle

size distribution).

Mass or volume fraction of particles in the class i (discrete

particle size distribution).

Mass fraction of element/compound i in fuel on dry, ash-

free basis.
Standard clean wood.

Bed temperature.
Freeboard temperature.
Normalised variable i.

Result or response of experiment i.

Model prediction for the response or result Y.

Normal cubic meter (1013.25 mbar, 273.15 K).
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Subscripts
DIF

DTF

mf

N

PG

TF
th

Greek Symbols

ux < O e ™M

Dry, inert-free gas data.

Dry, tar free basis gas data.

At minimum fluidisation.

Gas data at normal conditions: p=1013.25mbar, T=
273.15K.

Product gas.

“Raw” or “as used” fuel data.

Solid.

Tar-free basis gas data.

Thermal power corresponding to the enegy released by the

combustion of the fuel.

Voidage.

Sphericity.

Density.

Freeboard temperature gradient.

Fuel humidity (mass water/mass wet fuel).
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Biomass, a renewable energy resource

On the background of an ever increasing population, the accompanying rise in
energy demand and the fear of climate change associated with anthropogenic emissions,
the search for effective, new and environmentally sound energy sources is more important
than ever [1.1]. Biomass is the oldest energy resource used by mankind as firewood, an
energy resource still in use in many developing countries nowadays. It has regained inter-
est in the early 70’s as the first oil shock triggered a large number of research and devel-
opment activities in biomass conversion, aimed primarily at the replacement of fossil
fuels. Biomass is predicted to play an important role in the world’s future energy supply
[1.2] and the large number of still ongoing research projects in this area ([1.3] - [1.5]) re-
flects the current interest of the scientific community worldwide in this particular energy

resource. The future contribution of biomass to the world’s energy demand is still a matter
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of controversial studies and discussions [1.6]. Biomass is however still the only truly re-
newable carbon source on the planet, and on the background of increasing world wide

concern for anthropogenic CO, emissions its use as an energy resource in the future is un-

avoidable.

Among the possible conversion technologies, gasification represents an interest-
ing and cost effective route ([1.8] - [1.11]). In this process the solid biomass is trans-
formed into a combustible gas at temperatures in the range of 600 to 1000°C using sub-
stoichiometric amounts of an oxidant (air, oxygen, steam and mixtures thereof). The main

components of this product gas are CO, CO,, H, and H,O and small amounts of CHy.

This conversion process allows for a flexible and varied usage of the gas generated from

the original fuel by, e.g.:

* subsequent synthesis/production of clean fuels such as methanol, methane, Fischer-
Tropsch gasoline or hydrogen, in which case the gasification must be carried out with-
out nitrogen (i.e. in steam/oxygen mixtures);

* combustion in advanced systems such as integrated gasification/combined cycle

(IGCC) with high fuel to energy conversion efficiencies.

1.2 The BIOMETH project

The conversion of biomass, waste biomass and selected industrial plastic wastes
to methanol by the gasification route has been studied for the special case of Switzerland
in the BIOMETH project ([1.12]-[1.15]). The goal of the project was to demonstrate the fea-
sibility of a plant for the conversion of 100 tons per day of waste biomass to methanol. A
scheme of the proposed conversion process is given in Figure 1.1.

In this study, the availability of waste fuels to be converted using state-of-the-art
technology and the opportunities for the usage of the product methanol have been evalu-
ated. Due to the size of the installation envisaged, fluidised bed gasification technology

would have to be employed.
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Figure 1.1: Schematic flow sheet of the BIOMETH process [1.15].

Biomass

L

Gasifier PSA <«<—— Air

Gas clean-up

Compression

H
Synthesis R—z{ PSA
Fuel gas
Rectification Gas turbine —> Heat
Methanol Electricity PSA: Pressure Swing Absorption

The cost of the biomass fuel is one of the important factors influencing the over-
all economic aspects of the conversion process. Therefore, waste biomass represents an
interesting resource since wastes have a low or even negative cost (disposal fees). The
proposed fuel composition for the BIOMETH process is given in Table 1.1, showing the

important share of waste fuels for this process.

Table 1.1:  Fuel composition for the BIOMETH process [1.16].

Fuel Fraction
[mass-%]

Urban waste wood “Altholz” >70

Packaging wastes:

mixture of paper, cardboard, wood and plastics <20

Plastic wastes <10

Uncontaminated waste wood <5
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The main conclusion of the BIOMETH project was that methanol can be produced
from waste fuels in Switzerland using state-of-the-art technology to be used as transpor-
tation fuel:

» from an environmental point of view a positive effect is achieved by the proposed
conversion process;

» waste fuels are available in sufficient quantity in Switzerland;

* the product methanol may be inserted into the existing fuel market in several ways;

* no return on 50% of the investment costs would have to be accepted if a fuel compet-
itive to regular gasoline would be produced;

» some technical aspects of the conversion process could not thoroughly be studied as

little practical experience was available on the gasification of waste fuels.

1.3 Definition of the present thesis

The main fuel considered in the BIOMETH study is urban waste wood or “Alt-
holz” as it is known by its german denomination. This fuel is issued mainly from (de)con-
struction activities but may also originate from e.g. packaging wastes or used furniture.
This waste fuel is very inhomogeneous in its composition [1.17]. An important feature of
this fuel is that, even though the main elemental composition (C, H, O) is similar to clean
wood, it contains a significantly higher amount of ash, chlorine and heavy metals, as
shown in Table 1.2. The behaviour of this fuel in gasification is yet poorly studied. In par-
ticular the impact of the exobiotic contaminants (heavy metals, chlorine etc.) on the qual-
ity of the gas and on the quantity and nature of the by-products (tars) has not been studied
systematically. An impact of these contaminants on the gasification reactivities of the
wood chars resulting from wood pyrolysis has been established [1.18]. It is therefore like-
ly that these contaminants will have an effect on the operation of a gasifier fed with this
particular fuel. Especially the gasification by-products, the tars, will have a major impact
on the design and operation of gas cleaning equipment downstream of the gasification re-

actor.
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Table 1.2:  Elemental composition of Altholz and clean wood [1.15].

Fuel
Element Altholz Clean wood
Average min. max. Sawdust Bark

C [mass-%] 443 41.4 459 49.9 50.9
H [mass-%] 5.7 53 6.1 6.1 6.2
O [mass-%] 43.8 - - 43.5 39.4
N [mg/kg] 7900 5600 12000 1500 2900
S [mg/kg] 1385 20 5800 60 400
P [mg/kg] 200 120 320 - -
Cl [mg/kg] 849 20 4400 50 200
F [mg/kg] 42 0.01 140 - -
Ash [mass-%] 53 1.6 11.1 | 0.35-0.45 3.2-7.0
Hg [mg/kg] 0.3 0.005 0.7 0.01 0.04
As [mg/kg] 4.1 0.7 22.0 0.1 0.4
Cd [mg/kg] 34 0.4 24.0 0.1 0.6
Co [mg/kg] 1 1 3 0.1 0.8
Cr [mg/kg] 32 14 93 2.4 4.8
Pb [mg/kg] 314 43 690 0.4 4.4
Cu [mg/kg] 27 11 85 1.2 4.4
Ni [mg/kg] 6 2 12 0.3 24
Sn [mg/kg] 6 0.04 12 - -
Zn [mg/kg] 535 170 960 11.1 89.7
Ca [mg/kg] 15000 9000 25000 1210 10300
Al [mg/kg] 840 390 1500 64 470
Fe [mg/kg] 2100 1000 5200 50 500
K [mg/kg] 890 740 1300 380 1480
Mg [mg/kg] 1060 540 1900 300 1230
Si [mg/kg] 750 270 1800 470 3270

The pyrolysis behaviour of plastics has been extensively studied (see Chapter 3),
but little attention has been given to the gasification of this valuable waste fuel. The liter-
ature on co-gasification of plastics and biomass is also very sparse, especially with respect
to the tar by-products.

The aim of the present thesis is therefore to assess, both qualitatively and quan-

titatively, the influence of the above mentioned contaminants in the gasification process.
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Furthermore, the effect of co-gasification of waste biomass and plastics should be system-
atically studied. Through a better understanding of the phenomena occurring in the gasi-
fier we expect to predict the gasification parameters yielding an optimum gas composition
for a given fuel or mixture of fuels. Also questions such as the quality and possibilities for
disposal of the processes residues (e.g. ashes) are of interest, as well as the size and type
of downstream gas cleaning equipment.

Finally, the type and quantity of the gasification reaction by-products (tars) is ex-
pected to be strongly influenced by the type of fuel used. These tars are the main source
of complications in any further utilisation scheme for the produced gas. Many methods
have been used to quantify and analyse the tars issued from biomass gasification (see
Chapter 4). The results reported in the literature are not easily comparable since the sam-
pling and analysis method employed is known to influence the results. By the use of one
consistent and reproducible tar measurement method a database for the comparison of the

gasification fuels considered in the BIOMETH study should be established.
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Chapter 2: Fluidised bed gasification plant

2 FLUIDISED BED GASIFICATION PLANT

2.1 Introduction

To study the behaviour of waste fuels a gasification plant was built at the Paul
Scherrer Institute. The goal of this installation was to simulate large fluidised bed gasifiers
as the one planned for the demonstration phase of the BIOMETH project. The size of the

latter demonstration installation (20MWy,) implies, that circulating fluidised bed (CFB)

technology would have been used [2.1]. It was nevertheless decided to build a bubbling
stationary fluidised bed (BFB) as this type of reactor is simpler to operate than a CFB (for
example no loop seals for the bed material are required in a BFB) and the behaviour of
both reactor types is similar.

The two reactor principles have however distinct characteristics [2.2]. First of
all, the relative velocity between particles and gases is higher in CFBs than in BFBs, in-

fluencing thus the heat and mass transfer between particles and gases. The solids profile
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found in the freeboard of CFBs is absent in BFBs. The temperature in CFBs is more ho-
mogeneous than in BFBs and the residence time of the solids is different for the two sys-
tems. These differences may have an influence on the gasification process. For example
gas composition ranges reported in the literature ([2.3],[2.4]) for CFB and BFB gasifica-
tion of wood with air are presented in Table 2.1. CFB gasifiers exhibit higher hydrogen

contents in the gas as well as a lower methane and light hydrocarbons concentration.

Table 2.1:  Gas composition for air blown gasification in CFB and BFB gasifiers.

Concentration of component (vol.-% dry gas) BFB CFB
CO, 13-17 13-15
CO 12 -17 13-15
H, 7.5-11.5 15-22
CH, 3-5 2-4
C,H, 0.5-25 0.1-1.2

Regarding the tar contents of the gases no comparative study using the same
sampling and analysis method, the same fuel and comparable operational conditions was
made so far on both reactor types. In the literature ranges of the tar concentration in the
product gases are reported for the two kinds of fluidised beds, see [2.5]. CFB reactors
seem to lie at the lower end of the ranges reported, but it is not clear whether this differ-
ence comes from the reactor principle or from differences in the operating conditions or
sampling and analysis methods. The goal of this study was to compare results when dif-
ferent fuels were processed. Thus an exact reproduction of the operation principle of the
gasifier is not of prime importance as it is expected that the observed trends can be trans-
ferred to CFB systems.

A simplified scheme of the gasification plant is given in Figure 2.1. It is com-
posed of 5 main sub systems: the gas feeding, the biomass feeding, the reactor itself, the
off-gas and the periphery of the installation. These parts are described in detail in the fol-

lowing sections.
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Figure 2.1: Scheme of the gasification plant.
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2.2 Gas Feeding

The reactor was designed so that both air or steam and oxygen mixtures could be
used as gasification agents. A scheme of the gas feeding section is given in Figure 2.2.
The air is provided by oil and water-free compressed air from PSI’s compressed air net-
work. It first passes a filter and then a pressure reduction valve where its pressure is re-

duced from 12 to 4bar. The air throughput is measured and regulated by a mass flow
controller. The maximum air throughput is 36m3N/h. A pneumatically operated shut-off

valve is provided after the mass flow controller so that the air flow to the reactor can be

interrupted at any time. The air then passes through an electrical pre-heater of 7.5kW pow-
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er. With this pre-heater the air temperature can be set to a desired value (max. 650°C). Be-
fore being mixed with other gases and entering the reactor the air finally passes through a

check valve.

Figure 2.2: Scheme of the gas feeding.

To gasifier
o

\V4
VAN
N
X
|
|
A

4 |
G1 G2 ! t
&l &1, @
b0 ] @ ‘@
Argon to an Gp: !
biomass feeding < g ‘E}
>
\es/

Superheater
10 kW

water
Tap

water

Water
tank

Steam |

generator

Oxygen
bottles | ____= # ‘

Oxygen is drawn from bundles of 12 bottles with 50 litres volume each under 200
bar pressure. The oxygen used is of 99.5% purity and the installation can be operated for
10 hours at maximum throughput with one filling. The oxygen flow path is analogous to

the air flow path. The mass flow controller has a smaller maximum throughput of
12m3N/h and the pre-heater has a smaller power (3.5kW). Also here a shut-off valve as

well as a check valve are provided. A connection is fitted between the air and oxygen flow
paths. This allows for the oxygen flow path and the reactor to be heated to operating tem-
perature with air, saving the costly oxygen for the experiment.

Steam is generated in an electrically heated, commercially available steam gen-
erator with a maximum steam output of 36kg/h. The water used in this generator is pre-
mixed from 1/3 tap water and 2/3 deminearlised water in a tank. This precaution is taken

to minimise depositions in the steam drum and at the same time provide the minimal con-
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ductivity required for the operation of a water level sensor inside the steam drum. The
electrical power for heating of the steam generator is controlled by the pressure inside the
steam drum. The heating rods are switched in two independent groups providing smoother
operation at low throughputs. Saturated steam leaves the generator at about 3.5bar, passes
through a manual pressure reduction valve where the pressure is adjusted to less than 3
bar before entering the steam superheater. With this superheater the steam temperature can
be increased up to a maximum of 400°C. The steam temperature at the outlet of the super-
heater is electronically controlled. After the superheater the steam path is divided in to
two. A by-pass is provided for the heat-up and shut-down phase of the installation. In
start-up the steam is simply flown through the superheater to the by-pass allowing this ap-
paratus to heat-up under a flow of steam. The by-pass is fitted with a manual shut-off
valve which is closed when steam is to be admitted to the reactor. At shut-down the steam
flow is interrupted and this manual shut-off valve opened before the steam generator is
switched off. The steam flow path leading to the reactor is made of an orifice plate flow
meter, pressure and temperature sensors, pneumatically operated regulating valve, a pneu-
matic shut-off valve and again a check valve. The orifice plate and the flow regulating
valve can both be exchanged, according to the steam throughput to be used. The pressure
drop generated by this orifice plate is measured by a differential pressure transducer. To-
gether with the temperature and absolute pressure after the plate the steam flow is calcu-
lated by a dedicated flow computer. This value is then used by a controller to set the
position of the steam regulating valve.

Argon 0f 99.9% purity is drawn from two 50 litre bottles under 200bar and is pri-
marily used to create an inert atmosphere in the biomass feeding. Argon can also be fed

to the reactor if gasification has to be stopped abruptly (safety). This flow path is com-
posed of a mass flow controller of 20.4m3N/h troughput, a pneumatically operated valve

and a check valve.

Finally the gas flow path is equipped with a steam trap to allow for the evacua-
tion of water coming from the steam flow path when it is cold or from the cold reactor
inlet at start-up. The main properties of the gas supply system are summarised in

Table 2.2.
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Table 2.2:  Gas feeding system main characteristics.

Gas max. flow  max. temperature pre-heater power
Air 36m3N/h 650°C 7.5kW
Oxygen 12m3N/h 650°C 3.5kW
Steam 10 (50)* kg/h 400°C 10 kW
Argon 20.4m>/h 20°C -

*: Depending on orifice plate/control valve installed

2.3 The biomass feeding system

The biomass feeding is composed of a lock hopper, a feeding screw or feeder
with a biomass reservoir and a stoker screw, see Figure 2.3. The biomass feeding system
is under an inert argon atmosphere to prevent dust explosions and to minimise the flow of

gases from the hot reactor into the feeding system.

Figure 2.3: Scheme of the biomass feeding.
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The lock hopper has a volume of approximately 60 litres and a gas tight lid on its
top. It is placed above the feeder and is separated from it by a pneumatically operated but-
terfly valve. The biomass in the lock hopper is discontinuously discharged by opening the
butterfly valve as the biomass inside the feeder’s reservoir reaches a minimum level. The
feeder’s reservoir may be refilled approximately two times before the lock hopper has to
be opened and refilled with fresh biomass. At this time and during normal operation in
between refills the butterfly valve is in the closed position. The feeder is placed on a bal-
ance. With this balance the decrease of the fuel mass in the feeder’s reservoir in time can
be measured and from it the biomass flow rate can be calculated. This semi-continuous
mode of operation is illustrated in Figure 2.4. To avoid bridging of the biomass inside the

feeder a slowly rotating mixer is placed co-axially to the feeder’s screw.

Figure 2.4: Weight loss of feeder during an experiment (000215A).
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The feeder’s connections to the lock hopper and to the tube leading to the stoker
are made of flexible latex sleeves so that the feeder is “floating” on the balance and the
correct weight of the feeder’s content can be measured. Between the feeder and the stoker
a connection pipe is fitted with another pneumatically operated butterfly valve. This valve
isolates the feeder and lock hopper from the reactor during start-up and shut-down of the

plant. The stoker was modified from its original design by placing the screw inside a steel
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tube with roughly the same inner diameter as the stoker’s screw and by fitting a transpar-
ent plexiglas tube from the biomass inlet to the tube surrounding the screw. With these
modifications all biomass coming out of the feeder is readily fed into the reactor. The
screw of the stoker ends inside the reactor, ca. Smm of this screw are inside the fluidised
bed. The tube connecting the stoker to the reactor is made of special heat resisting steel
(Inconel 600) and its end is fitted with a water cooled jacket, to minimise thermal decom-
position of the biomass in the stoker. Screws and outlet pipes of both feeder and stoker
can easily be changed to allow for different ranges of biomass throughput. Both feeding
devices are driven by motors with a variable speed control. By changing the rotation speed
of the feeder screw the biomass feed rate can be set to a desired value. Figure 2.5 shows

feed rates as a function of the feeder’s rotation speed for different fuels.

Figure 2.5: Biomass feed rates as a function of the feeder’s speed for different fuels
(for details on the fuels see section 2.8).
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The feed rate is primarily dependent on fuel parameters and differs somewhat
from batch to batch of fuel. For a given fuel the dependency between feed rate and rotation
speed is linear. The rotation speed of the stoker screw is adjusted to a slightly higher value
than that of the feeder so that no accumulation of biomass is observed in the plexiglas
tube. The pressure difference between the stoker and the reactor is monitored. By adjust-
ing the flow of argon to the feeding system the pressure in the feeding system is kept at a

slightly higher value than the pressure in the reactor. The front end of the stoker is mount-
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ed on springs to follow the thermal expansion of the lower part of the reactor (see

page 22).

2.4 The Reactor

The gasifier has a modular design and is essentially a tall column with 213mm
inner diameter and a total height (distributor to exit) of 5.1m. The column is made of a
special heat and corrosion resisting alloy, Inconel 625. Corrosion resistance of the con-
struction material is important as some of the fuels to be studied will contain chlorine. The
whole reactor is enclosed in electrical heaters. These heaters are divided in 10 sections of
approximately 0.5m length, which have each an independent temperature control. The
biomass feeding is at the lowest possible position in the bed. This configuration is known
to allow higher heating rates of the fresh biomass particles entering the reactor. Therefore

higher gas and lower tar amounts are achieved, see [2.6].

Figure 2.6: The inlet section and the distributor plate holder.
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The gases enter the reactor from the bottom by a conical inlet section, see
Figure 2.6. Pressure and temperature of the gases are measured at this point, before the
gases pass through a gas distributor on which the fluidised bed rests. As gas distributor a
sintered metal plate made of Hastelloy X with 15um average pore size is used. The plate
itself is located on a plate holder, so that the biomass inlet to the reactor is at the same level
as the gas distributor. Note that since clean gases (compressed air from the distribution
network at PSI, oxygen from pressurised bottles etc.) are used as fluidisation agents no
problems with plugging of the distributor where ever observed.

The tubular section containing the fluidised bed is called the bed module and is
1124mm long. It is depicted in Figure 2.7. This section is fitted with a horizontal pipe by
which the biomass is fed into the reactor. The end of the stoker outlet tube fits tightly in
this pipe. The stoker tube and the reactor’s inlet for biomass are connected by a flange and
the inlet is large enough to accommodate the different diameter outlets of the stoker. At
the opposite side of the inlet, an outlet tube looking 60° down from the horizontal is fitted.
Through this outlet the bed material can be drawn from the reactor. Just above this outlet
the first of a series of 5 access pipes is located. Through 4 of these pipes thermocouples
are inserted into the reactor, enabling temperature measurements at the centre (or by using
shorter thermocouples at another radial location) of the reactor. The first three are placed
at 110, 320 and 530mm from the distributor plate. This arrangement allows for different
bed heights (corresponding to 1,2 and 3 times the diameter of the reactor) to be used and
still have at least one thermocouple inside the bed. The last thermocouple is at 125mm
from the top flange of the bed module. On the outer surface of the bed module’s tube,
pockets are provided in which thermocouples are inserted to measure the outer wall tem-
perature of the bed module. These pockets provide that the thermocouples at the outside
will be at the same level of those inside the reactor and at the opposite side. Finally, an
access port is provided below the last thermocouple tube (195mm from the top flange).
The access pipes are required to protect the thermocouples from breaking by moving the
heating shells (see page 24), the same reason making protecting tubes for the outer ther-

mocouples necessary.
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Figure 2.7: The bed module.
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The bed module and gas inlet to the reactor are hanging from a short sustaining
module, which connects the reactor to the supporting structure surrounding it. The bed
module will therefore expand downwards when hot by about 10-20mm. This sustaining
module is not enclosed by electrical heaters but only insulated. A drawing of this sustain-

ing module is given in Figure 2.8.

Figure 2.8: The sustaining module.
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Resting on top this first sustaining module, four identical tubular modules form
the reactor’s freeboard. The freeboard modules are each 1’000mm long. They are fitted
with two access tubes for thermocouples at 270 and 730mm from the bottom flange. As
in the bed module pockets for outer thermocouples are fitted at the same height. The po-
sition of these thermocouples place them at the axial centre of the heater shells surround-
ing the reactor. Two further access openings by tubes are provided the lowest of both
(50mm from the lower flange) being a reserve access. The access at 660mm from the low-

er flange is dedicated to sampling gases or tars from the reactor.
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Figure 2.9: The freeboard module.
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Above the last freeboard module a metallic expansion joint (metal bellow) is fit-
ted. This joint compensates for the thermal expansion of the freeboard modules, which
can expand upwards by some 40mm when at 900°C. Another sustaining module is placed
above the expansion joint and holds the reactor at the top of the supporting structure. Fi-
nally the gases and particles from the reactor pass a large 90° bow before entering a cy-
clone.

The whole reactor (bed and freeboard modules) is enclosed in metallic shells
containing the electrical heating. These shells are divided in the longitudinal axis forming
half cylinders. When put together they enclose the reactor tube completely. The shells are
mounted on skids which rest on rails fixed to the supporting structure of the reactor. The
half-cylinders join at the plane in which the thermocouple tubes exiting the reactor are lo-
cated. The heating modules are half cylinders of light ceramic material with an inner di-
ameter of 250mm, an outer diameter of 450mm and a length of 400mm. The heating is
provided by Kanthal coils embedded in the ceramic material. The maximum operating
temperature of these heaters is 1150°C and their power is 2.5kW. The shells are mounted
such, that the flanges of the tubular modules of the reactor are just between two sets of

shells. A drawing showing the heater shells is given in Figure 2.10.
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Figure 2.10: The heater shells.
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The reactor is fitted with several thermocouples and pressure difference sensors
to monitor both the pressure drop across the distributor and across the bed. A scheme of

the reactor’s instrumentation is given in Figure 2.11.
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Figure 2.11: Instrumentation scheme of the reactor.
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2.5 The off gas section

The off gas section is shown in Figure 2.12. The gases and particles leaving the
reactor enter a high efficiency cyclone. This unit was designed with an exchangeable out-
let to provide proper separation characteristics in a large range of gas throughputs. A sche-
matic drawing of the cyclone is given in Figure 2.13. Particles separated in the cyclone
fall into a container. Between the container and the cyclone a butterfly valve is provided.

This valve seals off the cyclone allowing to exchange the container during operation of
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the gasifier. A flow meter based on the impact pressure principle (pitot tube) is placed in
the pipe leading the product gases to the flare. Together with the temperature and the ab-
solute pressure of the gas inside the outlet tube the flow of product gases can be calculat-
ed. It was however found, that this device does not work properly due to depositions in

the flow meter’s sensor and in the outlet pipe.

Figure 2.12: Scheme of the off gas section.
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the building where the gasifier is located. Before the flare a metal disc with an orifice is
fitted inside the tube to prevent backfiring of the gases into the reactor. The flare is basi-
cally a diffusion flame burner where the gases burn inside an insulated tube. A schematic
drawing of the flare is given in Figure 2.14. Propane can be added to the gases should

these be too lean to burn properly. The flare has a pilot burner fuelled by propane gas

which burns continuously during an experiment.

Figure 2.14: The flare.
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2.6 The plant’s periphery

2.6.1 Data acquisition and control

The installation is equipped with an array of various sensors (temperatures, pres-
sure differences, flows etc.) producing data on the current operational conditions of the
installation. This data is acquired, visualised and saved for later analysis on a dedicated
personal computer (PC). This computer runs a program written in the LabView data ac-
quisition environment. The electrical signals from the transducers are processed (filtered
and averaged) by multiplexers before being transmitted to a data acquisition card on the
PC. Some instruments of the installation (for example the balance below the biomass
feeder) communicate directly with the PC via digital interfaces (RS-232 and RS-485).
This communication is also managed by the data acquisition program. New data is ac-
quired about every 2 seconds. The data is saved to a file on the hard disk of the PC at reg-
ular time intervals, generally 10 seconds. The same data is displayed on the visualisation
screen representing a scheme of the plant shown in Figure 2.15. The visualisation is up-
dated at about the same rate of the acquisition. Data can further be shown as time series
on separate screens. The visualisation screen allows the operator of the installation to en-
ter set-points for different control loops of the installation. These set-points are then trans-
mitted from the data acquisition card on the PC via dedicated signal output modules to the
controllers of the specific loops. The data acquisition program performs calculations on
the data acquired, for example the biomass feed rate is calculated from the weight signal
of the balance below the biomass feeder and displayed.

All control loops of the installation have dedicated controllers which are not de-
pending on the PC for operation. As already mentioned, most of the set-point values can
be transmitted to the controllers from the PC. Still, all controllers can operate using local
set-points. This precaution is taken for safety, enabling to continue the operation or to

safely shut down the plant in the case of a PC failure.
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gas is filtered and conditioned before it is sent to an on-line mass spectrometer (on-line
MS) for analysis of its composition. The gas conditioning used is shown in Figure 2.16.
The hot gases first pass a particle filter made of a sintered steel tube enclosed in a heating
shell. The filter is kept at 300°C to minimise tar deposition. It was dimensioned to allow

for several hours of operation and to be easily removed for cleaning.

Figure 2.16: Scheme of the gas conditioning.
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The filtered gas is then led to a glass bottle containing bentonite for tar absorp-
tion. This material shows excellent tar trapping capabilities even with very wet gases and
is easily disposed of after an experiment. The gases are led by a heated PTFE pipe (100°C)
to a heat exchanger and a cooler. The cooler is fitted with a Peltier element and cools the
gases to 4°C so that the water in the gas condenses. The condensed water is drawn out of
the cooler by a peristaltic pump into a proper reservoir. The cool dry gas is then drawn by
a diaphragm pump, passes a dust filter and then a needle valve with which the gas
throughput is set. The gases pass a rotameter which indicates the actual flow and from
there they are led by teflon tubes to the mass spectrometer.

The on-line MS used is a magnetic sector device. It has a special sampling inter-
face which allows for the sequential survey of 32 different gas sources. The on-line MS

is calibrated using the gases shown in Table 2.3 before each experiment.
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The measurement principle is straightforward, i.e. a certain mass to charge ratio
(m/z) is selected as being representative for a given compound in the gas and the intensity
of the signal from the detector is directly proportional to the concentration of the com-
pound in the gas mixture. The m/z usually chosen is the so called molecular ion, that is
the ionized gas molecule since this is where the strongest signal is achieved. When com-
plex gas mixtures are analysed by on-line MS some compounds yield strong signals at the
same m/z as is for example the case at m/z = 28 for nitrogen and carbon monoxide, two

Table 2.3:  Concentrations (vol.-%) of the calibration gases used for the on-line MS.
*: Gas Nr. 0 is used to determine background levels of analysed species.

Gas Nr. 0" 1 2 3 4 5 6 7
N, 0 100 0 0 0| 45.17 0| 94.92
CO, 0 0 100 0 0 15.0 0 0
CO 0 0 0 100 0| 15.18 0 0
H, 0 0 0 0 0| 19.71 0 0
CH, 0 0 0 0 100 4.94 0 0
Ar 0 0 0 0 0 0 100 0
0, 0 0 0 0 0 0 0 5.08
He 100 0 0 0 0 0 0 0

species present in our product gases. This difficulty is overcome by assigning other m/z
to these compounds. Nevertheless overlapping of peaks can still occur at the m/z ratios
and is corrected using the so called cracking pattern of the compounds in the gas. The
cracking pattern is composed of the relative intensities at selected m/z for a specific sub-
stance based on a assigned base peak. The overlapping signals can then be corrected by
the MS software. An example of a cracking pattern matrix is shown in Table 2.4. The
cracking pattern matrix is determined during the calibration procedure performed before
each experiment. In our case, corrections are made for carbon monoxide (overlapping at
m/z=12 caused by carbon dioxide and methane) and nitrogen (overlapping at m/z=14
caused by carbon monoxide and methane). This measurement technique presupposes that
all compounds in the gas are known and specified for proper correction of their overlap-
ping peaks. In the present case a small error is expected for nitrogen, as the gases issued

of biomass gasification are known to contain low levels (less than 2% by volume) of C,-
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isomers (ethane, ethene and ethine) and these hydrocarbons have peaks at m/z=14. The
MS offers the possibility of including these (and other) compounds in the analysis meth-
od, but the effort required would be quite substantial (see [2.7]). It was thus decided to

leave them out of the analysis method.

Table 2.4: Cracking pattern matrix for experiment 991214.

m/z N, CO, CcO H, CH, Ar 0,

2 0 0 0 100 0 0 0
12 0 0.868 100 0 0.970 0 0
14 100 0 80.369 0 8.522 0 0
15 0 0 0 0 100 0 0
32 0 0 0 0 0 0 100
40 0 0 0 0 0 100 0
44 0 100 0 0 0 0 0

The MS has a dedicated PC which controls the instrument and saves the gas
composition data for later analysis. The gas composition is displayed on the PC’s screen
as time series or in tabular form. An example of the gas composition for an experiment

measured with this instrument is given in Figure 2.17.

Figure 2.17: Gas composition evolution for experiment 000125.
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2.7 Bed material

The bed materials used in the present study are silica/alumina sands (calcined ka-
olins) with the commercial name “Molochite 16-30DD” and “Molochite 22-60DD”.
These sands are normally used in the ceramics industry for different applications both in
the household and technical sector. They were chosen since practical experience was
available from a previous fluidised bed combustion project at PSI, showing good stability
both mechanically (low attrition loss) and thermally (sintering above 1400°C). The chem-
ical composition of these bed materials is given in Table 2.5.

Table 2.5:  Chemical composition of the bed material [2.8].

Compound Mass-%

Si0, 54.5
AL O, 42.0
K,O 2.0
Fe,0, 1.1

MgO 0.31
Na,O 0.1

TiO, 0.07
CaO 0.06

The difference between the bed materials is the particle size. Molochite 16-30DD
being the coarser of the two. The particle size distribution was measured by sieve analysis
and is shown in Figure 2.18. From this particle size distribution, the mean particle diam-
eter c_lp is calculated from the particle size distribution according to the following equation

[2.2]:

d -1
) s
d, = j %}Q -d(d,)|  where 2.1)
0 p
d .
q3(d,) = ——Q;(d,) with (2.2)
3 p d(dp) 3 p

Qs3(d,,) being the mass fraction of particles with a diameter smaller than d,, and d,, 5, be-

ing the largest particle diameter present.
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Figure 2.18: Particle size distribution of the bed materials.
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For a discrete particle size distribution as measured by sieve analysis with N par-

ticle size classes, the above set of equations reads:

N 71
_ - Ad
dp= z 13—’-—’;—-———@ where (2.3)
_ dp, i
n=1
AQz ;. .
q3,; = 321—3—’ yielding (2.4)
p,i
-1
- A .
d=[ > & with (2.5)
— . dpi
"=
AQ; ; = Q3 ;,— Qs (;_1) being the mass fraction of particles in the class i, (2.6)
Adp’i = dp’i—dp,(i_l) the width of the class i and (2.7)
d; = 290,610 e mean particle size of the class i
D, i 5 particle size of the class 1.

This mean diameter definition is used to characterise particles in fluidised bed
applications. It relates the average projected surface area of the particles to their average
volume. The projected surface area in turn determines the pressure drop of the bed, an im-

portant engineering aspect when dealing with fluidised or fixed beds.
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The fluidisation-relevant characteristics of these materials, the minimum fluidi-

sation velocity u,,s, the voidage at minimum fluidisation €, and the particles’ sphericity
®g have been determined experimentally by using transparent fluidisation columns of cir-
cular cross section and are summarised in Table 2.6.

Table 2.6: Fluidisation-relevant data of bed materials.

Molochite type 2? ﬁ61?e]))]) l(gozl(:'ls)e]))
Mean Particle diameter (_1p 385um 708pm
Minimum fluidisation velocity u,,s (air, 20°C) 0.133m/s 0.325m/s
Voidage at minimum fluidisation € ¢ 0.5390 0.5557
Particles’ sphericity ®g 0.5540 0.4709
Particle density pg [2.8] 2500kg/m> 2500kg/m>

The fluidisation columns used are equipped with pressure difference meters al-
lowing the determination of the pressure drop over the bed for different air flows through
the bed. The exact procedure for obtaining the fluidisation parameters is described in de-
tail in reference [2.2] and will not be discussed here. Note, however, that instead of using
the theoretical pressure drop at minimum fluidisation (given by the bed’s weight divided
by the cross sectional area of the fluidisation column) the average of the measured pres-
sure drop above the (optically determined) minimum fluidisation was used. The reason
for this procedure was the poor agreement between the theoretical values for the pressure
drop with the observed average values. The differences might originate from systematic
(for example incorrect column diameter) as well as experimental (for example non-ideal
gas distribution in the set-up used, incorrect material mass) errors which may lead to large
errors in the calculation of the theoretical pressure drop. Note also that the relatively low
sphericity values obtained agree with the observed unspherical form of the fresh Molo-
chite particles.

Figure 2.19 shows the results of the experiment for the determination of the char-
acteristics of the coarser bed material, in which 11.9kg of bed material and a fluidisation

column with an internal diameter of 0.2m where used.
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Figure 2.19: Fluidisation experiment for the estimation of coarse bed material
fluidisation characteristics.
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2.8 Fuels studied

Six fuels were used in the present study. As “clean” i.e. contaminant-free wood,
a mixture of fir and spruce sawdust was used. This standard clean wood (SCW) is a saw-
mill residue, chosen as reference fuel because its composition in terms of the wood types
present is constant, it is bark-free and readily available in large quantities from a saw mill
near-by PSI. This fuel is recovered from the log cutting at the saw mill and has an original
humidity of 30-45% (kg water/kg raw fuel). It is dried in an oven at 60°C to ca. 5-10%
humidity before it is used in the gasification experiments. The elemental composition of
this fuel was measured in the Swiss Federal Laboratories for Materials Testing and Re-
search (EMPA Diibendorf) and is shown in Table 2.7. The lower heating value (LHV) of
the fuel was calculated based on the average elemental composition using to the following

equation [2.9]:

LHV = 34.8 * WC, daf+ 93.9 ° WH, d(lf+ 10.5 ° WS, daf+ 6.3 * WN, daf_ 10.8 ° WO, d(lf (2.8)
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yielding the LHV in MJ/kg dry, ash-free (DAF) fuel and where w; , af ArC the contents of
the elements on a DAF basis.

Table 2.7:  Elemental composition of SCW in mass-% on DAF basis. Ash and chlorine
contents in mass-% respectively in mg/kg on raw basis.

Element Sample 1 Sample 2 Mean
C 51.00 50.28 50.64
H 6.54 6.37 6.46
N 0.08 0.05 0.06
S 0.02 0.02 0.02
O (by difference) 42.37 43.27 42.82
Ash 0.27 0.35 0.31
Cl <500 <500 <500
LHV [MJ/kgpaFl 19.068

The particle size distribution was measured by sieve analysis for the dried and
the raw, wet fuel. The curves are displayed in Figure 2.20. The mean particle diameter cal-
culated from these distributions are 430pum for the dry fuel and 620um for the raw, wet
fuel.

Figure 2.20: Particle size distribution of SCW and of milled SCW.
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The second fuel used was made by milling the SCW in a high-speed cross beater

mill. This fuel was prepared from SCW to study the influence of particle size on gasifica-
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tion. It is important to point out that, by this procedure, other fuel parameters namely the
humidity and the composition can be regarded as identical to those of SCW enabling a
unique base of comparison for the influence of particle size on gasification products. The
resulting particle size distribution is shown in Figure 2.20 and the corresponding mean di-
ameter is 220 um.

The third fuel was again a modification of the SCW. To test for the effect of “ag-
ing” of the fuel, a batch of SCW was placed in the drying oven and heated to 100°C for
approximately 190 hours. By this procedure it was hoped that chemical changes happen-
ing in the aging process of the wood could be accelerated. Particle size and composition
are assumed to be the same as those of SCW. The humidity of the aged SCW was adjusted
to 5-10% by mixing a suitable but small amount of fresh, raw SCW with the artificially
aged fuel. This mixture was placed in plastic bags and allowed to equilibrate its humidity
over several weeks.

The fourth fuel used is scrap or waste wood, which will be referred henceforth
by its German denomination “Altholz” (AH). This particular Altholz was obtained from
a cement plant which was using it to replace part of the coal burned in the cement kiln. To
burn this fuel with the existing burner equipment, pre-treatment steps were required. The
bulk Altholz was delivered to the cement factory where is was first crushed to splinters of
approximately 1 x Scm. It was then separated from ferrous as well as non-ferrous metals,
from stones and finally milled to a size suitable for the pulverised coal burner. Prior to
milling, the splinters would be transferred to large storage bins not only for logistic pur-
poses but also to mix different day batches achieving a certain degree of homogeneity of
the fuel. It is not possible to establish the exact origin of this material. It can however be
assumed, that most of it comes from the activities in the building industry. A simple ele-
mental analysis from this fuel was performed by EMPA Diibendorf and is shown in
Table 2.8. The Altholz exhibits a similar composition to SCW in terms of the main ele-
ments carbon, hydrogen and oxygen. Higher amounts of nitrogen, sulphur and chlorine as
well as a higher ash contents are however observed for Altholz. No detailed analysis on
the trace elements was performed, but literature data for other Altholz sources reported in

Chapter 1 (see Table 1.2 on page 5) showing further differences between the two fuels.
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Table 2.8: Elemental composition of Altholz in mass-% on DAF basis. Ash and
chlorine contents in mass-% respectively in mg/kg on raw basis.

Element Sample 1 Sample 2 :l/ltflilllz zlcez‘l{,l

C 51.07 52.53 51.80 50.64
H 6.53 6.54 6.54 6.46
N 0.64 1.04 0.84 0.06
S 0.09 0.14 0.12 0.02
O (by difference) 41.67 39.75 40.71 42.82
Ash 4.36 10.55 7.46 0.31
Cl 1240 1580 1410 <500
LHYV [MJ/kgparl 19.812 19.068

The particle size distribution was measured by sieve analysis for 11 samples of
this fuel taken from three different production batches. Typical results are given in
Table 2.21. The particle size distribution of the samples analysed does not vary largely, a
consequence of the pre-treatment procedure applied at the cement plant. This fuel has a
larger fraction of fines compared to SCW, its mean particle size is 330um with a standard
deviation of 25um. From a detailed analysis of the particle sizes of these 11 samples it was
however found, that segregation may occur during the transportation of the fuel. The par-

ticle size determination for the sample taken from the topmost layer of one of the trans-

portation containers revealed a coarser distribution than all other samples ((_ip =512um).

Caution must be thus used when a sample is taken from these transportation containers.
The ash contents and the humidity was also determined for these 11 samples. As
another consequence of the pre-treatment procedure, the humidity was found to be very
consistent from sample to sample: 6.7 mass-% (on wet fuel basis) with a standard devia-
tion of 0.2 mass-%. On the other hand, the ash contents is subject to larger variations, in-
dicating the heterogeneous nature of this fuel. The mean ash contents of the 3 batches was
7.8 mass-% (on wet fuel basis) and the standard deviation 1.8 mass-%. The heterogeneic-
ity is clearer when this standard deviation is put in relation to the mean value, yielding a

relative standard deviation of 22.4% of the ash contents.
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Figure 2.21: Particle size distribution of Altholz.
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Finally the fifth and sixth fuels studied are mixtures of Altholz with high density

polyethylene granules and mixtures of Altholz with polystyrene granules. The plastics

used have the properties shown in Table 2.9 and the particle size distribution given in

Figure 2.21. The LHV was calculated using Equation 2.8 and is in good agreement with

literature data. For an account on the reasons for the choice of these polymers and the

mounts mixed with Altholz see the discussion on the experimental plan on page 129.

Table 2.9:

Characteristics of the plastics used.

Property

Polyethylene

Polystyrene

Commercial name

Rigidex HD 5502GA (BP

Standard polystyrene HH

Chemicals) 111 (BP Chemicals)

Density [kg/m?] 954 1050
Mean diameter [mm] 3.5 2.8
Composition [mass%]

C 85.6 92.3
H 14.4 7.7
LHYV [MJ/kgparl 43.294 39.376
by Equation 2.8

LHY (literature data) [2.11]46.412 [2.12] 41

Two mixtures were prepared with each plastic to study the influence of the

amount of plastics in the fuel. 10% and 20% plastics were mixed by weight with Altholz
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using a rotary mixer. These mixture levels were chosen to simulate extremes in the plas-

tics composition of the fuel for a large-scale gasification system.

Figure 2.22: Particle size distribution of plastics used.

' | |

0.9 —®— Polyethylene

08—

- & - Polystyrene

0.7 T
0.6 T
05T
04 T
03 T

Mass distribution Q ; [-]

021
01T

1
|
l
b

00 ———————F+——+—H

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
dp [mm]

The elemental composition of the resulting fuels was calculated using the aver-
age values from the elemental analysis for Altholz. The ash contents and the humidity
were measured in samples taken after the mixing process. The LHV was calculated using

Equation 2.8 based on the resulting fuel composition, see Table 2.10.

Table 2.10: Elemental composition of Altholz/plastics mixtures on DAF-basis. Ash and
humidity on wet fuel basis.

Element Altholz/Polyethylene | Altholz/Polystyrene | Altholz
10% 20% 10% 20%

C 55.1 58.5 55.8 ‘ 59.9 51.8
H 7.3 8.1 6.7 6.8 6.5
N 0.7 0.7 0.7 0.7 0.8
S 0.1 0.1 0.1 0.1 0.1
(0] 36.7 32.6 36.7 32.6 40.7
Ash 5.09 5.58 7.72 4.73 7.8
Humidity 6.50 5.79 5.53 5.75 6.7
LHYV [MJ/kgparl 22.161 24.509 21.769 23.725 19.812
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2.9 Operating procedure of the plant

The gasifier was first operated on a one-experiment-per-day strategy. This strat-
egy was changed as the experimental plan was modified (see section 5.1 on page 123).
For the experiments according to the fractional factorial design only one set of operational
conditions was planned for a daily run, whereas for the final experimental plan three op-
erational conditions were studied in one daily run. As the results from the experiments ac-
cording to the fractional experimental plan will not be reported, only operational
procedures corresponding to the final experimental plan will be described in this section.

Three operational phases are required to run the gasification plant: a start-up
phase, the actual experimental phase and a shut-down phase. Additionally, between ex-
periments, several parts of the installation such as the particle and tar filters of the on-line
gas sampling have to be cleaned and prepared for the next run. A maximum of 2 operating

days in a week is possible with PSI’s gasification plant.

Start-up
In the start-up phase, parts of the installation such as the gas pre-heaters, the

steam superheater and the corresponding pipes are heated to their steady-state operational

temperature.

Figure 2.23: Temperature evolution of air pre-heater and steam superheater (991005).
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In all experiments reported in this thesis, air is always pre-heated to 400°C, and
the steam is superheated to 250°C. Note that the steam superheater outlet temperature is
controlled using a cascade control loop which uses the temperature of the outer surface of
the tube inside the superheater as input, see Figure 2.23. This configuration allows for
smoother temperature control and prevents overheating of the tube.

The bed is heated to 450-500°C, a temperature high enough to allow ignition of
the fuel when it enters the bed. The bed is allowed to heat-up using primarily the heating
shells surrounding the bed module as heat source. Efficient heat transfer from the bed
module’s walls to the bed is achieved by keeping the bed fluidised. At low bed tempera-
tures (<150°C) this procedure requires air to be admitted by the oxygen flow path to en-
sure fluidisation. As the bed temperature rises, the minimum fluidisation velocity
decreases. The gas flow is thus slowly decreased over time, always keeping the velocity
ratio of superficial inlet velocity to minimum fluidisation velocity, uy/u,,s, at a value be-
tween a minimum of 2 and a maximum of 5. The lower limit was chosen to ensure good
fluidisation and thus sufficient heat transfer and mixing of the particles in the bed. The
upper limit is chosen to keep the particles from being entrained out of the bed. Figure 2.24

illustrates the bed heat-up procedure.

Figure 2.24: Bed temperature evolution and gas flows during start-up (991005).
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The minimum fluidisation velocity, the actual superficial velocity, the velocity

ratio ug/u,,, and the transport velocity of the solids are calculated by a sub-program of the
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data acquisition program using the measured gas flows and the bed temperature. ug/u,¢is

displayed on the visualisation screen. Parallel to the heat-up procedure of the bed, the re-
actor’s freeboard is allowed to reach steady state temperature. The heat in the freeboard
is also provided by the external heater shells of this part of the set- up.

To minimise tar deposition inside the exhaust piping it is allowed to reach 350-
400°C before gasification is started. To accelerate the heat transport out of the reactor into
the exhaust section, air is injected in the freeboard of the reactor. By this procedure the
gas velocity in the bed is kept at acceptably low values and the gas mass flow out of the
reactor is increased. This “secondary air” is of course turned off before the actual gasifi-
cation experiment. Temperature evolution for the freeboard and exhaust gas section are
presented in Figure 2.25.

In parallel to the plant’s main components the filters of the gas sampling are al-

lowed to reach their operational temperature of ca. 300°C.

Figure 2.25: Evolution of freeboard and exhaust section temperatures (991005).
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If an experiment with steam/oxygen as gasification agent is planned, steam is al-
lowed to flow to the reactor as soon as the slower heating bed reaches a temperature of
300°C. By this precaution the condensation of water inside the reactor is avoided. Never-
theless, condensation occurs as steam is first fed through the still cold steam flow path to

the reactor and the temperature in the reactor inlet drops, see Figure 2.24. The condensate
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accumulated here is allowed to exit by the steam trap provided. The start-up procedure is
completed in about 1.5 to 2 hours when all temperatures of the installation are stable. Dur-
ing the whole start-up procedure argon is blown into the stoker to prevent an exit of gases

from the reactor and the connection between feeder and stoker is closed.

Experimental phase

In all experiments reported in this thesis, it was planned to run three different
steady-state conditions with the same fuel in one day. The experimental conditions dif-

fered in the equivalence ratio (ER) used. ER is defined by the following equation:

e/ 1
ER = O Fudldal (2.9)
g/ mFuel,daf)min

Mo/ Mg gof DeINg the ratio of the oxygen mass flow to the DAF fuel mass flow in the

experiment and (rig/ ) gqf),,;,, D€ING the ratio of the oxygen mass flow to the DAF

min
fuel mass flow required for the stoichiometric combustion of the fuel. Note that in this cal-
culation only the mass flows of oxygen supplied by either air or oxygen being fed to the
reactor are taken into account, disregarding the oxygen input by steam in the case of a
steam/oxygen experiment.

The stoichiometric oxygen to fuel ratio is calculated by the following equation
[2.10] using the DAF elemental composition of the fuel to be gasified:

MO2

LIV, T —" Yo, Yo
(0] Fuel,daf’/min ~—
min MC

W +—2 =W e~ W (2.10)
C,daf . H,daf S,daf O,daf
2 M, M

where M, is the molecular mass of the element 1.

The ER’s chosen were 0.2, 0.3 and 0.4, covering the range of ER’s usually ap-
plied in gasification systems. Furthermore, all experiments are carried out in autothermal
mode, meaning that the heaters in the bed section are switched off as soon as gasification
is started. Changing the equivalence ratio under these conditions brings about a change in
bed temperature, roughly equating the above ER’s to 700, 800 and 900°C in the bed. It
was further decided to keep the freeboard at the above mentioned temperatures at each ER
condition run. This experimental method was chosen, as the temperature in the freeboard
of a gasifier will be either close to or lower than that of the bed (if no secondary oxidant

inlet is provided in the freeboard zone). The variation in ER during an experiment is al-
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ways performed by increasing the ER, meaning that the reactor’s temperature will also in-
crease as the experiment proceeds. This approach was chosen as it is faster to heat-up the
installation than it is to allow it to cool down, since no other cooling means than natural
convection and radiation are provided. The variations of ER were achieved by adjusting
(decreasing) the fuel feed rate while keeping the flow of gasification agents constant. The

flow of gasification agents was selected to yield a ug/u,,s value of 2 at the lowest expected

bed temperature of 700°C in the experiments to ensure a good mixing of the bed contents.

For air as gasification agent and the bed particles used in the present study, the
above criterion immediately translates to an input flow of 24.4kg/h. In the case of steam/
oxygen mixtures as gasification agent the total amount of oxygen fed to the reactor is kept
constant and thus the DAF fuel input will be the same as in the air gasification experi-

ments. The amount of steam was adjusted to meet the uy/u,,¢ criterion yielding a steam
flow of 5.8kg/h. Note that for balance calculation purposes (see page 143) a small flow of
air of 1m3N/h (1.3kg/h) was also used in the steam/oxygen experiments. Using Equation

2.10 and the set-point ER’s the fuel input mass flow can be calculated, based on the ele-
mental analysis of the fuel to be used. Tables 2.11 and 2.12 summarise the set-points of

the input mass flows used in this study.

Table 2.11: Set-points for fuel input mass flows (for all gasification agents used).

Fuel Input fuel mass flow [kgp A p/h] at
ER=0.2 ER=0.3 ER=0.4
SCW 19.7 13.1 9.9
AH 18.9 12.6 9.5
AH/10% PE 16.8 11.2 8.4
AH/20% PE 15.0 10.0 7.5
AH/10% PS 17.1 11.4 8.6
AH/20% PS 15.6 10.4 7.8

Table 2.12: Set-points for gas input mass flows.

Gasification agent Input gas stream Flow [kg/h]

Air Air 24.4
Steam/Oxygen Air 1.3
Oxygen 5.4
Steam 5.8
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Shortly before starting the gasification experiment the MS is calibrated, the
heavy tar filter (see page 91) is installed and its heating is started and the pilot flame of
the flare is ignited. Argon is allowed to flow into the feeder and the pressure in both, feed-
er and stoker, is allowed to equilibrate. The connection between the two parts of the feed-
ing system is then opened and argon is allowed to flow through the feeding system for at
least 15 minutes before the feeding of biomass is started, sweeping out any air present to
prevent dust explosions. The stoker screw is then set in motion and, shortly after, the feed-
er screw is turned on. The initial rotation speed of the feeder is chosen according to pre-
viously observed RPM/biomass feed rate relationship.

For an experiment with air as gasification agent, the air flow is adjusted to the
set-point value prior to the start of the biomass feeding. When steam/oxygen mixtures are
used, the reactor contains a steam/air atmosphere before starting of the fuel feed. In this
case, as soon as no oxygen is detected by the on-line MS in the product gases at the top-
most sampling point the flow of air is gradually reduced and at the same time the flow of
oxygen is increased to the set-point value. This precaution is taken to prevent the danger-
ous mixing of an oxygen rich atmosphere in the hot freeboard with combustible gases

sweeping out of the bed as the reaction is started.

Figure 2.26: Start of an experiment (991214).
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An example of the evolution of important operating parameters in this delicate
start phase is shown in Figure 2.26. Note that in this specific experiment the air input had
to be increased for a short period of time as defluidisation of the bed was observed.

When the biomass feed has been started and the gas flows have been brought to
their set-point values, the reactor is allowed to reach steady-state. During this period, the
biomass flow rate is constantly checked and if deviations from the set-point larger than
+0.5kg/h are observed the rotation speed of the feeder is adjusted.

Once the desired fuel mass flow is attained and the bed temperature is stable, the
reactor is run for at least 30 minutes under the same conditions to make certain that the
system is fully in steady state. Tar and ash sampling are then performed. As soon as sam-
pling procedures are complete the operation conditions of the reactor are changed to the
next (ER) set-point by reducing the fuel feed rate. At the same time the set-points for the
freeboard heaters are increased and the heavy tar filter’s heating is turned off. As before,
the fuel feed rate is corrected and the installation is allowed to stabilise before sampling
is repeated under the new conditions. This procedure is repeated a third time, completing
the experiment. An example of the evolution of temperatures and gas composition during

an experiment is shown in Figures 2.27 and 2.28.

Figure 2.27: Example of temperature evolution during an experiment. (991214).
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Figure 2.28: Example of gas composition evolution in an experiment. (991214)
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Shut-down

As soon as the last sampling is complete the freeboard heaters are turned off.
Similarly to the start of the experimental phase, the oxygen is replaced by air for safety
purposes when steam/oxygen is used as gasification agent. Shutting down the reactor is
accomplished by turning off the fuel supply. This procedure takes the system through a
short period of combustion, which might yield a short increase in the temperature of the
bed. If this temperature is already high (>950°C) it must first be brought down by e.g. re-
placing some of the gasification agent by argon before the fuel feed is interrupted. In gen-
eral, however, gasification is stopped almost instantly and the temperature of the bed
starts to fall. As soon as this decrease is observed, steam input is stopped and the reactor
is allowed to cool down under a small flow of air. An example of the shut-down is shown
in Figure 2.29. The whole plant is then allowed to slowly cool over night before prepara-

tion tasks for the next run are executed.
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Figure 2.29: Example of shut-down. (991214)
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3 PYROLYSIS, THE ORIGIN OF TARS IN GASIFICATION

3.1 Biomass pyrolysis

Gasification can be defined as the process in which organic materials are degrad-
ed by thermal reactions in the presence of sub-stoichiometric amounts of oxidising agents
such as oxygen, carbon dioxide or water. This process ideally yields a gaseous phase com-
posed of carbon monoxide, carbon dioxide, methane, hydrogen and water and a solid in-
organic residue, the ash. Gasification of biomass is typically carried out at temperatures
in the range of 700 to 1000°C. If the same biomass is heated in the absence of oxidising
agents, it will thermally degrade and yield a complex mixture of organic compounds, gas-
es and a solid carbonaceous residue named char containing also the inorganic compounds.
This thermolysis process is called pyrolysis. The organic compounds formed in this py-
rolysis step are referred to as primary tars. Gasification of biomass always includes a py-

rolitic stage [3.1]. Fresh biomass particles entering a gasification reactor will be heated
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and will first loose their moisture. As the temperature of the dry particles continues to rise
pyrolysis occurs yielding the above mentioned products. The carbon in the residual solid
char will finally react with the gasification agents, producing gases and leaving behind the
inorganic constituents in the biomass, the ashes. A simplified scheme of these processes

is shown in Figure 3.1 for a wood particle.

Figure 3.1: Simplified reaction scheme for a wood particle.
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The primary tars formed in the pyrolysis step are at the origin of the tars in the
gas exiting the gasifier. Biomass is not a single, chemically pure substance. It is composed
of distinct fractions with dissimilar chemical reactivity and a more or less clearly identi-
fiable chemical structure. The primary tars are the sum of the products of the thermolysis
of the different biomass constituents. To understand the origin and properties of the tars
at the exit of a thermochemical reactor a considerable amount of research has been carried
out on the pyrolysis reactions of the single biomass constituents. The pyrolysis behaviour
of biomass is not identical but only similar to the behaviour of its constituents [3.2]. Nev-
ertheless characteristic products of the pyrolysis of these constituents are found in the pri-

mary tars.

3.1.1 The chemical composition of wood

Woody biomass can be separated into three fractions [3.3]: the cell wall compo-
nents, components which may be extracted by solvents (then called extractables) and the
ash. The cell wall components represent the bulk of the wood, and can in turn be further
divided into cellulose, hemicellulose and lignin. Values for the contents of these 5 com-

ponents in woods and different biomass are given in Table 3.1.
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Table 3.1: Approximate composition in mass-% of different biomass species [3.4].
D: sum of water and solvent extractables.

Species Ash Fi’;:;iz- Lignin Hlel;:l;::l- Cellulose
Softwood 0.4 20D 27.8 24.0 41.0
Hardwood 0.3 3.1 19.5 35.0 39.0
Wheat straw 6.6 11.1 16.7 28.2 399
Rice straw 16.1 17.9 11.9 24.5 30.2
Bagasse 1.6 0.3 20.2 38.5 38.1

The inorganic constituents or ashes represent less than 1% of the wood by mass
but as shown above are much higher in herbaceous biomass. The ash is composed mainly
of Ca0, K,0, Na,0, MgO, SiO,, Fe,05, P,O5, SO5 and C1 [3.3]. The first five oxides are
the main compounds found in wood ashes with CaO as the most abundant of them. Traces

of heavy metals are also present in wood ashes (see for example [3.6]).

Table 3.2: Compounds found in the extractable fraction of woods [3.3].

Volatile Qils (removed by steam or ether soluble)

Terpenes
Sesquiterpenes and their oxygenated derivatives

Resins and fatty acids (soluble in ether)

Resin acids

Fatty acids (oleic, linoleic and palmitic)

Glyceryl esthers of fatty acids

Waxes (esthers of monohydroxy alcohols and fatty acids)
Phytosterols (high molecular weight cyclic alcohols)

Pigments (soluble in alcohol)

Flavonols )

Pyrones } (multi-ring naphthalenic and aromatic
Anthranols J alcohols, chlorides, ketones and acids)
Tannins (amorphous polyhydroxylic phenols)

Carbohydrate components (water soluble)

Starch
Simple sugars
Organic acids
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The extractables consist of materials derived from the living cells in wood and
make up 4 to 20% of the wood mass. The composition of the extractables varies widely.
Some typical components of the extractable fraction are listed in Table 3.2.

Cellulose is the most abundant single component present in wood, representing
some 40-50% by mass of the dry wood. Cellulose is a polymer of D-glucose monomers
(i.e. a polysaccharide) bound together by ether-type linkages called glycosidic bonds. Its

structure is shown in Figure 3.2.

Figure 3.2: Chemical structure of cellulose [3.7].

Cellulose is found in all biomass species. The degree of polymerisation (chain
length) is however distinct in different biomass. The principal physical characteristic of
cellulose is its extreme insolubility. It can only be dissolved by hydrolysis into sugars us-
ing strong mineral acids or enzymes. The long cellulose molecules may form both amor-
phous and crystalline agglomerates.

Hemicelluloses are also polysaccharides. They show however a large variation
in their composition among the different biomass species. The name is somewhat mis-
leading as hemicelluloses are not related to cellulose but distinct compounds of low and
high molecular weight that contain neutral and acidic molecules. Most hemicelluloses are
composed of two to four simpler sugars. The most important hemicelluloses are xylans,
polymers of D-xylose, and mannans, co-polymers of D-glucose, D-mannose and D-gal-
lactose. Their structure is shown in Figure 3.3. Hemicellulose constitutes some 25-30%

by weight of most woods.
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Figure 3.3: Hemicellulose structures [3.3], [3.7], [3.8].
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Lignin is the non carbohydrate component of the cell walls accounting for some
15-30% by mass of most woods. It is a complex three-dimensional polymer based on the
phenyl-propane units shown in Figure 3.4. The exact structure of lignin is unknown but
its composition is known to vary significantly between biomass species. A proposed
structure for lignin is shown in Figure 3.5. One of the main problems when studying lignin

is the impossibility of extracting it from the biomass without chemically modifying it.

Figure 3.4: Monomer units of lignin [3.3].

H2(|3—OH H2C|:—OH H2(|3—OH
i i i
CH CH CH
OCH, H,C-O O-CH,
OH OH OH
p-coumary! alcohol coniferyl alcohol sinapyl alcohol
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Figure 3.5: Representative structure of coniferous lignin [3.3].
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As already shown in Table 3.1, the proportions of the three main components of
wood (cellulose, lignin and hemicellulose) vary between softwoods (coniferous woods)
and hardwoods (deciduous woods). According to [3.9] the cellulose contents varies little
between these wood categories (41-43%), more lignin is found in softwoods (27-28% ver-
sus 22-24% in hardwoods) and accordingly more hemicelluloses are present in hardwood
(30-35% versus 25-30% in softwoods). Also within these wood categories as well as in
the different parts of the tree the relative amounts of the main chemical constituents may
vary: compression wood contains more lignin (ca. 40%) and tension wood more cellulose
(> 50%). The main characteristic differentiating the two wood types is the structure of the
woods. Softwoods exhibit a simpler structure made up of elongated (2-5mm) tracheids
disposed mainly in the axial direction. The evolutionary more advanced hardwoods pos-
ses a functionally and morphologically more diversified structure, in which the most dis-

tinctive feature is the occurrence of vessels or pores.
The density of pure wood cell wall substance is close to 1500kg/m3. However

the apparent density of a piece of wood may vary widely (from 170kg/m3 for balsa wood
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to 1200 kg/m3 for pock wood). This range results from the different volume fraction oc-
cupied by cell walls in each species (11% in balsa versus 80% in pock wood) the remain-
der of the volume being pores filled by air (in dry wood, water in wet wood). Physical
properties of the wood such as its modulus of elasticity, strength, abrasion resistance,
hardness and thermal conductivity are a function of the amount of cell material rather than
of the chemical composition of the wood, and thus correlate well with the wood’s density

as shown in Figure 3.6.

Figure 3.6: Physical properties of different woods against wood apparent density [3.9].

O Tension strength softwoods O Tension strength hardwoods
A Bending strength softwoods A Bending strength hardwoods
O Compression strength softwoods @ Compression strength hardwoods
¢ Elasticity softwoods ¢ Elasticity hardwoods
250 25000
<]
200 - Lo - 20000
e
- 4 e £
NE E.
£ 150 a 15000 @
=z ¢ =
= o &8 oe E}
< < A AQ <]
=2 < oA £
g 100 W%A‘ * o 10000 z
»n < O aA O b
;Q A L ° 8
w
50 A - e, 5000
(o]
° 0%
A
(]
O T T T T T O
0 200 400 600 800 1000 1200
Density [kg/m®]

3.1.2 Pyrolysis behaviour of wood and its constituents

The literature on the pyrolysis behaviour of biomass and its constituents is vast.
The different experimental techniques employed, the large number of biomass species
studied and the distinct preparation methods for the single biomass constituents make a
systematic review of this field very difficult. Such a review would definitely lie beyond
the scope of this thesis. Detailed reviews of the chemistry and kinetics involved in the py-
rolysis process of each component have been published (see for example [3.2], [3.10],

[3.11] and [3.12]).
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Pyrolysis of biomass leads to three major product groups: gases (composed
mainly of CO, CO,, CHy, H, and lesser amounts of C,-C5 hydrocarbons), tars and char.
The gross pyrolysis behaviour of the wood components may be summarised as follows
[3.13] and has been confirmed by more recent studies [3.14], [3.15]:

1. Hemicelluloses are the most reactive compounds and pyrolyse between 225 and
325°C.

2. Lignins are the most thermally stable compounds and decompose progressively
between 250 and 500°C.

3. Cellulose shows an intermediate reactivity and pyrolyses between 325 and 375°C.
Cellulose depoymerisation starts at higher temperatures than lignin but proceeds
faster and therefore in a narrower temperature range.

Parameters influencing the relative amounts of gases, tars and char are listed below:

Temperature: the pyrolysis process is a complex network of chemical reactions. At dif-
ferent temperatures, distinct chemical reactions may become rate determining yielding
thus a different pyrolysis products distribution. The following models have been proposed

for the pyrolysis of cellulose and solid biomass and illustrate this situation.

Figure 3.7: Proposed reaction mechanisms for cellulose pyrolysis [3.16], [3.17], [3 18].

Tars
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k1
Cellulose —® Activated cellulose Solid biomass Tars
k3
Char + Gas Char Char
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Heating rate: pyrolysis of biomass is an endothermic process. Biomass has a low thermal
conductivity and thus the temperature in a pyrolysing particle may differ from that of the
surrounding medium and temperature profiles can exist inside the particle [3.19]. This in

turn will affect the distribution of pyrolysis products.

Size of the particles: this parameter influences the process in two ways. First it deter-
mines heat and mass transfer rates, and may thus change the temperatures inside the par-

ticle influencing thus the scope of pyrolysis products. Second, when primary pyrolysis
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products evolve from the biomass matrix they may react with the solid or with other py-

rolysis products inside the pores of the particle, again yielding different products [3.20].

Gaseous environment: heat transfer may be influenced by the properties of the sur-
rounding gas. Also, differences in the relative yields of char, tars and gases are observed
when pyrolysis is carried out in vacuum. Primary pyrolysis products may react with the

gases once released from the pyrolysing particle.

Pretreatment of the materials studied: pretreatment procedures may extract inorganic
[3.21] and organic compounds from the biomass or even modify the chemical structure of

the biomass sample [3.22].

The extent of inorganic impurities/presence of catalysts: the presence of K, Li and Ca
in woods is known to promote the formation of char at the expense of tars. Fe and Cu on
the other hand increase the yield of levoglucosan and char in the pyrolysis of wood [3.23].
The presence of heavy metals, as studied in [3.24], seems to influence the composition but
not the relative amount of the pyrolysis products char and volatiles (tar and gas).

The first two parameters, temperature and heating rate, are the most important
ones. With respect to the heating rate it is usual to distinguish between [3.25] slow pyrol-
ysis when heating rates smaller than 2°C/s are applied, and fast pyrolysis with heating
rates in (large) excess of 2°C/s. Slow pyrolysis is known to achieve high char yields
whereas fast pyrolysis leads to larger gas and tar yields. In fluidised bed systems, heat
transfer rates are high, in the order of 50°C/s or larger depending on the size of the parti-
cles [3.2]. The temperatures in gasification systems are also high (700 to 1000°C) narrow-
ing the conditions of interest for the discussion of the pyrolysis process to fast pyrolysis
at high temperatures. Many authors discussed the influence of the above parameters on
the three product groups, gas, tar and char without specifying or analysing the tar fraction
in detail. Only a few have concentrated on the composition and nature of the tar generated
by primary pyrolysis reactions. In fact it is a difficult task to accurately sample primary
pyrolysis products as these may interact not only with the pyrolysing substrate but also
with other primary pyrolysis products.

Under the conditions mentioned above, the primary tar products for the wood
constituents are of rather low molecular weight, representing characteristic monomers of

the biopolymers and fragments of these monomers [3.26]. Cellulose pyrolysis yields one

63



Chapter 3: Pyrolysis, the origin of tars in gasification

primary tar product, levoglucosan (see Figure 3.8), due to its structural homogeneity.
Hemicelluloses will undergo a similar depolymerisation of the glycosidic units with of
course a broader range of possible products due to the range of monomers present (see
page 58). The authors of the mentioned study also show, how primary pyrolysis products
of the carbohydrates are affected by the presence of even small amounts of inorganics
such as potassium. This element, present in most biomass, catalyses a different reaction
path yielding low levels of levoglucosan in primary biomass tars. This catalysis effect is
one of the reasons why pyrolysis products from biomass are not identical to those of the

pure constituents.

Figure 3.8: Structure of levoglucosan and suggested depolymerisation mechanisms of
cellulose [3.26].
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Lignin pyrolysis proceeds also through structurally controlled depolymerisation,
but also involves significant homolysis yielding derivatives of the monomers [3.32]

shown in Figure 3.9.
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Figure 3.9: Tar constituents derived from lignin according to [3.32].
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An evolution of different products can be clearly detected as pyrolysis progress-
es, relating the observed range of temperatures for complete pyrolysis of lignin to the
complex structure of this biopolymer (see page 62) and the diverse types of bonding be-
tween the monomers (C-O-C but also C-C bonds).

However, in another publication [3.27], evidence is presented that the primary
products of biomass pyrolysis are not strongly affected by temperature (400-900°C) or
heating rate (in the range 0.5 to 50°C/s). This apparent contradiction is explained by the
authors as follows. The sampling of pyrolysis products was carried out very closely to the
pyrolysing particle. Therefore the products had little or no time to react once they have
been released from the substarte. The temperature in the particle is buffered by the endo-
thermic fast pyrolysis reactions minimising the effect of changes in the temperature of the
surrounding gas on the particle itself. The particles used for the study of these parameters
were of relatively small size (<6bmm), so that the products had little chance of interacting
with the solid carbon matrix after devolatilisation. The heating rate affected the relative
amounts of gaseous/liquid and solid products, but the composition of the former was not
greatly altered by this parameter. As the particle size was increased, secondary reactions
are observed to alter the products detected. The water in the particles is driven away from
them before pyrolysis reactions start, explaining why the moisture contents has little in-
fluence on the products detected.

This article shows the importance of precise knowledge on the conditions exist-
ing in a particle in pyrolysis experiments. Many of the deviations observed in the study of
pyrolysis may be attributed to imprecise definition of the conditions in which the reactions
occur. Only very carefully conducted experiments such as in [3.27] allow the observation

of true primary pyrolysis products. In general experimental results will show secondary
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besides primary reaction products as secondary reactions start almost instantly as soon as

the primary products are released from the biopolymer.

3.1.3 Evolution of pyrolysis products

Hundreds of different chemical species have been identified in the tars from dif-
ferent pyrolysis processes [3.31]. This large number is partially explained by the variety
of conditions of the pyrolysis experiments performed and by the diversity of biomass
studied. The primary tars released from the pyrolysing particle will undergo further reac-
tions once released from the pyrolysing substrate. These so called secondary reactions are
far from being completely understood and are the object of ongoing research [3.32]. The
tar composition at the exit of a gasifier will show characteristics deriving from their ther-
mal history, their environment and of the type of biomass being processed. The changes
in the composition of the primary tars have been studied both in the absence and in the

presence of oxidising agents [3.26], [3.27], [3.28], [3.29], [3.30].

Thermal cracking of primary tars

An early characterisation of the evolution of primary tars is shown in
Figure 3.10. The chemical groups reported in this progression are representative of the
type of components found in tars from the short residence time processing of wood at the
given temperature. These groups give an insight into the type of reactions involved: de-

hydrogenation, condensation (aromatisation), dealkylation and deoxygenation.

Figure 3.10: Progression of tars with temperature according to [3.30]. PAH: Polycyclic
aromatic hydrocarbons.
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When primary tars are allowed to react at temperatures above 500°C, a steady
decrease in the amount of resulting tars is observed while the amount of gas produced in-
creases. Also both char and tar composition change as indicated by the observed dramatic
changes in their oxygen contents. As temperature increases, the highly oxygenated pyro-

lysates are converted to thermally stable oxygenated compounds. Eventually these inter-
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mediates are further deoxygenated forming highly aromatic structures. Additionally,

alkylated aromatics gradually loose their side chains at high temperatures [3.30].

A similar progression was observed [3.26], [3.27] for the pyrolysis of both, bio-
mass and its constituents. When primary pyrolysis products were allowed to react at high
temperatures, a continuous change in the nature of the products was observed. Depending
on the temperature, characteristic products were observed to form by gas-phase thermal
cracking from the primary pyrolysis tars. As a result a systematic classification of pyrol-
ysis products can be made:

1. Primary pyrolysis products characterised by levoglucosan, hydroxyacetaldehyde, and
furfurals derived from cellulose, analogous products for hemicellulose and methoxy-
phenols derived from lignin.

2. Secondary products formed between 500 and 700°C characterised by phenolics and
olefins.

3. Alkylated aromatic tertiary products formed between 700 and 850°C composed of
methyl derivates of aromatics such as toluene or methyl naphthalenes as well as
indene and phenols.

4. Condensed aromatic tertiary products formed above 850°C characterised by aromatic

compounds without substituents (i.e. benzene, naphthalene etc.).

Figure 3.11: Distribution of the four tar component classes as a function of temperature
[3.28]
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The evolution of these products with temperature is shown in Figure 3.11. Note
that in this plot tar composition and not yields at a given temperature are shown (i.e. the
numbers always sum to 1) thus no direct conclusion regarding total tar cracking can be
made. Primary tars are completely transformed into secondary products before the aro-
matics and polyaromatics form.

In a recent study [3.32], the mechanisms involved in the transformation of phe-
nolic compounds to low molecular weight aromatics such as naphthalene and indene were
elucidated. The high molecular weight PAHs were shown to derive from oligomers of the

primary tar constituents shown in Figure 3.9.

The influence of oxidising agents

Early studies with a secondary tar cracking reactor [3.33] showed that the addi-
tion of steam and steam/oxygen mixtures at high temperatures (950-1250°C) reduces the
amount of tar. The modifications of the tar composition were studied in more recent pa-
pers [3.28], [3.29] under milder conditions (600-800°C) with oxygen. The presence of ox-
ygen accelerates both the destruction of primary tar products from the carbohydrates
through specific oxidation reactions and the formation of aromatic compounds from the
lignin derived phenolic compounds. The amount of aromatics formed by thermal cracking
is shown to even increase in the presence of low amounts (less than 10%) of oxygen in the
gas as presented in [3.28] for naphthalene. Only above 10% a decrease in the amount of
naphthalene was observed. A net increase in the CO level could also be observed as the
product from the oxidative cracking of tars. A further important result from this study is

that benzene levels where not affected by the presence of oxygen.

3.1.4 The tars of a biomass gasifier

From the previous exposition on reactions involving the pyrolysis products, a
complex mixture of compounds of largely aromatic nature must be expected in the tars of
a gasifier. Gasifiers operate at temperatures ranging from 700 to 1000°C and oxygen lev-
els of 20 to 40% of the oxygen required for complete oxidation of the fuel are present. The
exact composition of these tars will be a function of the “severity” of the gasification or
in other words of the thermal history of and the availability of oxidising compounds to the

pyrolysis products. High temperatures and high oxygen levels will yield a tar largely
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formed of PAHs. The amount of tars is expected to be lower at high oxygen levels. Low
temperatures and low oxygen levels will produce a more complex tar, composed partially

of PAHs but also containing secondary pyrolysis products, i.e. phenolic compounds.

3.2 Pyrolysis of plastics

As pointed out in Chapter 1, plastics were also considered in the BIOMETH study
as interesting fuels for the gasification to methanol process demonstration in Switzerland.
The plastic types considered in the present study are polyethylene and polystyrene. Just
as the biopolymers in biomass, these synthetic polymers also display characteristic pyrol-
ysis properties and products. These products may lead to the formation of tars in the gas-
ification process. An overview of the pyrolysis of these two compounds is given in the
following sub-sections.

In the case of synthetic polymers the structure and the mode of thermal decom-
position are intimately related [3.7]. As with biomass the resulting yields of products of
pyrolysis are dependent on various parameters. Particle size, heating rate and temperature
have an impact on the heat and mass transfer and affect potential secondary reactions in
the bulk of the sample or in the gas phase leading to variations in the composition of the
volatiles. Environmental factors such as the surrounding gas and the presence of a catalyst
may bring a change in decomposition pathway and lead to a distinct products distribution.
Moreover, the numerous additives present in commercial plastics (fire retardants, fillers
etc.) may have an impact on the resulting products. The product distribution in a pyrolysis
process has to be derived experimentally, with the operating temperature, heating rate,
catalytic effects, residence time of feed material and reaction products, reaction pressure,
possible supply of reactive gases (such as oxygen, hydrogen) and, of course, the chemical
constitution and structure of the original plastics as major factors [3.34]. The composition
of tars from a gasifier operating on plastics as input will thus also have to be derived ex-

perimentally.
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3.2.1 Chemical structure of polyethylene and polystyrene

Polyethylene is the major tonnage plastics material worldwide, in 1990 the pro-
duction capacity of polyethylene was 34 million tons [3.35]. Polyethylene is made from
the monomer ethylene by different processes yielding a polymer with the simplified
chemical formula -(-CH»-),-. Depending on the process used in the production basically
three types of polyethylene can be produced. The differences in the structures of these pol-

ymers is shown in Figure 3.12.

Figure 3.12: Schematic molecular structure of polyethylenes [3.35].
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The older production process employing high pressures (above 100 MPa) and

occurring through free-radical polymerisation yields a product of high density (in the or-

der of 960 kg/m3) called high density polyethylene (HDPE). HDPE is essentially free of
both long and short branching. Its molecular mass distribution is dependent on the catalyst
used but is typically of medium width.

A more recent process for the production of polyethylene is carried out at lower

pressures in the presence of so called coordination catalysts yielding a polymer of lower

density (around 920 kg/m3) accordingly called low density polyethylene (LDPE). LDPE
has a random long branching structure with branches on branches. The molecular mass
distribution of LDPE (i.e. the chain length of the polymer) is moderately broad.

Further refinement of the catalysts employed in LDPE production allowed for

the production of a low density polymer with less branching called linear low density pol-
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yethylene (LLDPE). LLDPE has branching of uniform length which is randomly distrib-
uted along a given chain.

Polystyrene belongs to the group of standard thermoplastics that also includes
polyethylene, polypropylene and polyvinyl chloride. Because of its special properties,
polystyrene can be used in an extremely wide range of applications. The annual consump-
tion worldwide in 1990 was ca. 6.7 million tons. Polystyrene molding materials are trans-
parent, hard and brittle plastics. The mechanical properties can be improved by the use of
mixtures of polystyrene with rubber-like materials such as polybutadiene yielding the so
called high-impact polystyrene (HIPS). The rubber particles in HIPS scatter visible light,
thus making the material loose its transparency.

Polystyrene is produced from styrene monomer by a free-radical polymerisation
mechanism yielding products with a molecular mass in the range of 100000 to 400000 Da.
The polymer obtained is a linear hydrocarbon chain with phenyl side groups linked, on
average, to every second carbon atom in the main chain. The chemical structure of poly-
styrene is thus -(-CH,-CH(CgHs)-),,-.

The exact composition of a specific polyethylene or polystyrene is further deter-
mined by additives such as antioxidants, stabilizers, pigments etc. present in virtually all

commercial polymers.

3.2.2 Pyrolysis of polyethylene

The primary mechanism of polyethylene thermal decomposition has been estab-
lished as the a random chain scission mechanism exemplified in Figure 3.13.

The product distribution is dependent on the reactivity and possible reactions of
the various radicals produced [3.47]. Experimental investigations of the pyrolysis prod-
ucts of polyethylene are reported by a large number of authors in the literature. The main
goals of these studies have been either the determination of the thermal degradation mech-
anism of polyethylene or the ascertainment the of optimal conditions for recovery of spe-
cific valuable products from plastic wastes via special pyrolysis process. Again as in
biomass pyrolysis a large variety of reactor types (fluidised beds, fixed beds, thermogravi-
metric reactors and isothermal reactors), reaction conditions (temperature, heating rates,
residence time of products, gaseous environments) and sampling/analysis (condensation,

absorption in solvents, direct mass spectrometry, gas chromatography with various detec-
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tors) methods have been used, making comparison of results difficult. From these exper-
imental studies, it can however be said that the product distribution form the pyrolysis of
polyethylene is largely dependent on the temperature of the pyrolysis process.

The random scission mechanism mentioned above theoretically yields a broad
spectrum of alkanes and alkenes of varying chain length. This product distribution is
found in low temperature (300-600°C) degradation studies ([3.37], [3.38], [3.39], [3.40],
[3.41]). The products reported are mainly alkenes and alkanes with chain lengths up to

Cg (although this limit can be related to the analytical methods used) often referred to as
“waxes”. In this temperature range only a minor part of the polymer is converted to gas-
eous C;-C, alkanes and alkenes. The amount of solid residue reported (char or unconvert-
ed polymer) is always very low (< 1% of the original polymer). No aromatic hydrocarbons

are observed in the products from low temperature pyrolysis of polyethylene.

Figure 3.13: Degradation mechanism of PE [3.36].
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At high temperatures (600-900°C), dramatic changes in product distribution are
observed ([3.42], [3.43], [3.44]). Solid residues disappear completely. The amount of con-
densible alkanes and alkenes decreases steadily with the temperature and the amount of
gases produced increases. The amount of alkenes and methane in the gases increase as
temperature is raised. Also the composition of the condensible products changes. The size
of the alkenes/alkanes in this “oil” or “wax” product decreases. Aromatic compounds
ranging from benzene to phenanthrene and larger polyaromatics as well as alkylated aro-
matic compounds are observed already at 650°C. The amount of these aromatic products
increases with increasing temperature but the number of aromatic compounds present de-
creases as suggested by size exclusion analysis. PAHs are also reported in pyrolysis ex-
periments conducted under steam atmospheres [3.45].

The role of the residence time on secondary reactions at high temperatures is not
clear. The product distribution resulting from different experiments with short residence
time (0.4-0.6s) [3.46] and (0.1-1s) [3.52] show inconclusive results regarding the pres-
ence of aromatic compounds. Experiments with a “pyroprobe” pyrolyser [3.43] where
residence time of primary or secondary products at high temperatures should be almost
nil show the presence of aromatic hydrocarbons.

Similarly to biomass pyrolysis the series of reactions shown in Figure 3.14 has

been proposed and is supported by the experimental evidence discussed above.

Figure 3.14: Reaction scheme for PE pyrolysis (adapted from [3.52]).

primary secondary
reactions reactions

Polymer Intermediate

waxlike products Gaseous products

tertiary
reactions

Aromatic products

Primary reactions of the polymer yields a series of alkenes and alkanes. The sec-
ondary reactions in this scheme lead, by cracking of the primary wax like products, to the
higher yields of gaseous products observed. These gaseous products (mainly ethylene and

propylene) may undergo cyclisation reactions either by carbonium ion addition to double
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bonds or Diels-Alder type of reactions. The light fraction of the aromatics formed may be
assigned to reactions involving the gaseous products. The PAHs may be formed by inter-
actions of these aromatic products with the gaseous products present. This reaction mech-
anism has been suggested for the thermal degradation of n-alkanes ([3.48], [3.49], [3.50],
[3.51]).

Regarding the type of polyethylene, experimental studies of LDPE and HDPE
([3.52], [3.63]) show only little difference in products distribution. Also the mixture of
polyethylene with polypropylene, another common polyene in waste plastics, was shown
to yield only minor changes in products distribution. However, the use of waste polyeth-
ylenes, probably contaminated by other polymers or containing impurities which may act

as catalysts show deviations in the pyrolysis products [3.53].

3.2.3 Pyrolysis of polystyrene

The pyrolysis of polystyrene has also received some attention as it is an impor-
tant component of waste streams which may be treated by thermochemical methods. The
mechanism involved in this thermolysis is shown in Figure 3.15.

The primary products from the pyrolysis of polystyrene have been confirmed by
several studies to be the monomer styrene and lower amounts of the dimer and the trimer
([3.54], [3.55], [3.56], [3.57]). Almost no solid residue (char) is formed (less than 0.2%
of the original polymer mass) in the pyrolysis of polystyrene. The amount of gases pro-
duced is also very low (less than 1-2%) below 600°C. Above this temperature the amount
of gases evolved increases (up to 3.5%) but the gases remain a minor product. The main
compounds reported in the gases are ethylene and propylene. On increasing the tempera-
ture from 450 to 900°C the amount of styrene oligomers decreases with an increase in
temperature, some authors reporting a sharp decline around 600°C. The monomer amount
also declines at higher temperatures.

Simple aromatic compounds such as benzene, toluene and other alkylated aro-
matics are reported to form already at 500°C. Polyaromatic compounds such as naphtha-
lene, phenanthrene and larger ring PAHs have also been identified in the pyrolysis
products already at 550°C. The amount of these two product classes and the number of

compounds in them is reported to increase as temperature rises.
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The presence of small amounts of oxygen in the pyrolysis atmosphere ([3.58],
[3.59]) has a net increase in the amount of PAHs found in the products. The presence of
alkaline earth metals such as calcium or manganese, which are also found in the inorganic
constituents of biomass, increases the amount of PAHs formed at low temperatures

(600°C) and reduces them at high temperatures.

Figure 3.15: Thermal degradation mechanisms of polystyrene [3.54].
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3.2.4 Plastics Mixtures

Although mixtures of the polymers where not examined in this study, some ef-
fects reported in the literature are worth of a comment. Numerous authors have studied
mixtures representative of plastic blends encountered for example in municipal solid
wastes in fluidised bed systems ([3.60], [3.61], [3.62], [3.63]). The temperature range of
these studies is 500-740°C. All authors report high amounts of benzene, toluene and xy-
lene in the product oils. One possible explanation for this experimental finding, is the high
residence time of the primary products at high temperatures in some of the reactors used.

A systematic comparison of polyethylene, polystyrene and their mixtures [3.63]
in the same experimental set-up and conditions shows that when these two polymers are
pyrolysed as a mixture, much higher concentrations of aromatic compounds are found in
the products than when the polymers are pyrolysed alone. The composition of the aromat-
ic fraction of these products also seems to be influenced by the presence of a second pol-
ymer as indicated by differences observed in the amounts of some of the aromatic

compounds detected.

3.2.5 Tars from plastics gasification

As seen before in the sections dealing with the biopolymers from biomass, pol-
yethylene and polystyrene also present a characteristic behaviour when pyrolysed. Both
synthetic polymers have distinct primary pyrolysis products. These primary products are
also distinct from those found in biomass pyrolysis. As the primary pyrolysis products
from biomass further reactions have been observed transforming these primary products
when they are exposed to high temperatures. Products from these secondary reactions are
similar to those expected in the case of biomass, it is they include aromatic, alkylated ar-
omatic and polycyclic aromatic hydrocarbons. Certainly the composition of the tars will
be different when biomass is gasified with plastics, but the scope of compounds making

up the tars is similar if not identical.
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4 TAR SAMPLING AND ANALYSIS METHODS

4.1 Introduction

The unavoidable tars formed in the process of biomass gasification are a major
obstacle for the further use of the produced gas. For example, when the gas is to be con-
verted into electricity in a gas engine or a gas turbine the tars can create deposits in the
ducts transporting the gas or in the conversion device itself. Such deposits were also ob-
served in cold spots along the gas flow path and gas sampling system of our experimental
set-up. The deposits were soluble in acetone, indicating that they probably consist of con-
densed tars which are not polymerised as the presence of phenolic compounds may sug-
gest. Their composition was however not studied systematically and may include char,
soot or other solid particles.

The requirements for the use of the gas in a synthesis process are even more strin-

gent as can be seen in Table 4.1. In consequence considerable effort has been spent in the
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past and in recent years in the development of biomass gasification processes with low tar
levels and gas cleaning systems. In these research activities different tar sampling meth-
ods have been and still are employed. A few of them will be described in the next section

of this chapter.

Table 4.1:  Gas quality requirements for different power generation systems and
methanol synthesis [4.1]. n.L.: not limited

Contaminant Units IC Engine Gas turbine 1:;‘:3;‘;?;
Particles mg/m3N <50 <30 <0.02
Particle size pm <10 <5

Tars mg/m’y <100 <0.1
alkali metals mg/m3N 0.24

NH; mg/m3N <0.1

S components (H,S, COS) mg/m’y <1

Cl components mg/m’y <0.1
CO, Vol.-% n.l n.l <12, n.L

Up to this date, there still is no consensus among researchers in what compounds
found in the product gases of a gasifier make up tars or not. This lack of agreement is not
surprising. The term tar is generically used to designate residues produced in the thermo-
chemical conversion of organic materials. In the context of biomass gasification, tars have
often been operationally defined as the condensates deposited in equipment downstream
of the gasifier. Tars could thus be identified as those compounds that make difficult the
usage and handling of the producer or synthesis gas. In this line of reasoning, it is not sur-
prising that for example benzene or other low molecular weight aromatics will not qualify
as tar to researchers involved in the development of gasification for power production via
combustion devices (motors or gas turbines). These compounds will not disturb the oper-
ation of a motor since they will not deposit in the lines transporting the gas to the combus-
tion chamber and will readily burn.

Another problem encountered when trying to investigate tars, is the absence of
standards regarding the methods for sampling and analysis. Not only have a large number

of different tar sampling methods been developed, also different quantification methods
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have been used. Since 1998 the members of the IEA Bioenergy Gasification Task have
tried to bring some standardisation in this field. In the beginning of the year 2000 the IEA
Bioenergy Gasification Task published their definition of relevant tars in gasification and
sampling and analysis methods ([4.2]-[4.4]). These might in the future attain the status of

internationally accepted standard methods.

4.2 Tar sampling methods

A wide number of tar sampling and analysis methods has been reported in the
literature and a complete review lies beyond the scope of this thesis. Only a short over-
view of some methods described will be given here to illustrate the scope of procedures
used.

Probably the simplest way to obtain information on the tar load of a gas is to cool
down the gas and allow the tars to deposit in a vessel or on an appropriate substrate. Once
the sampling is complete the vessel or substrate’s contents may be treated and the weight
of the deposited condensates is taken as a measure of the tar contents of the gas. Examples
of this kind of method are given in references [4.5], [4.6] and [4.7]. This kind of simple
sampling procedure certainly has advantages with respect to cost and to the time required
to deliver results. However, the amount of condensate deposited will unavoidably be a
function of the cooling conditions (e.g. temperature, gas flow rate) used. Furthermore, the
most volatile of the tar compounds will most probably not be retained by this simple col-
lection technique. The condensate may be treated and analysed for its composition by ap-
propriate techniques such as gas chromatography with a flame ionisation detector (GC/
FID) or gas chromatography with a mass selective detector (GC/MSD) resulting in de-
tailed tar composition data.

The next step in refinement of tar sampling will thus be to try to capture the com-
pounds not held back by a cooling stage alone. One popular method is to lead the cooled
gas into an appropriate organic solvent scrubbing the gases from the remaining tar com-

ponents. A number of solvents has been used in this kind of sampling method ranging
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from the volatile dichloromethane [4.8], [4.9] over acetone [4.10] to toluene [4.11], ani-
sole [4.12] and 1-methoxy-2-propanol [4.13]. The solvent is usually placed in a cooling
bath and again here the temperature used is different from method to method influencing
the results obtained. The treatment of the liquid samples is diverse ranging from simple
gravimetric determination of a tar residue after solvent evaporation (again at dissimilar
temperatures for different procedures) to sophisticated analysis of the solutions via GC/
FID, GC/MSD or size exclusion chromatography [4.14].

This analysis of solutions via appropriate methods for the identification of single
compounds yields the most detailed results. It has however the big disadvantage of pro-
ducing data with a large time lag as the analysis methods as well as sample preparation
procedures are time consuming. Another disadvantage of these sophisticated analytical
methods is clearly the cost involved in their execution.

Tar trapping techniques using solid phase adsorbent have also been proposed
[4.17], [4.16]. They are advantageous for sampling what the authors call “phenolic frac-
tion” of tars and allow rapid sampling. However these adsorption method is found not to
be suitable for polycyclic aromatic hydrocarbons or light aromatic compounds, major
components of biomass gasification tars. Also large errors arise due to the low sampled
volume which induces low compound concentrations for the subsequent GC/MSD anal-
ysis.

Besides the condensation/absorption methods listed above other techniques have
been proposed. For example the use of flame ionisation detectors (FID) [4.15] measuring
the tars contained in the gas as the difference between the signals of two FIDs. The gas
delivered to one of the FIDs is cleaned of its tars by condensing these in filter placed in-
side a Peltier element. The temperature at which the condensation takes place will proba-
bly influence the results obtained by this system. The advantages of this measurement
technique is the speed at which tar concentration changes may be detected. It does not
however deliver information on the composition of the tars.

Probably the most sophisticated technique used in the determination of tars is
molecular beam mass spectrometry (MBMS) [3.26]-[3.29], [4.18]. This technique direct-
ly samples the gases from a gasifier without prior condensation or separation of the tars.
It yields quantitative as well as qualitative information not only on tars but on all gas com-

ponents. The research group at the National Renewable Energy Laboratory employing
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this very sophisticated technique has been able to build a more compact transportable
MBMS and has tested this method on a demonstration scale gasification unit [4.19]. The
disadvantage of this procedure is the complexity and size of the MBMS making it possi-
bly the most expensive alternative for tar analysis thus limiting its use.

Just very recently have different conventional tar sampling and analysis methods
been compared in parallel sampling runs on both an up-draft and on a down-draft fixed
bed gasifier [4.21]. In these test runs not only tars but also the content of particles in the
gas was measured. The results obtained by the diverse methods are quite different from
each other. Most of the deviations can be explained by the dissimilarities in the sampling
and analysis procedures. The need for standardisation not only of the sampling procedures
and equipment but also of the analysis and definitions used herein is another important
conclusion of these test runs.

As stated in [4.9] “different levels of information on tars are required for differ-
ent purposes. Most detailed information, including all compounds, is needed in scientific
research and often also in order to calculate accurate elemental material balances for gas-
ifiers. On the other hand only the concentrations of the heaviest tar compounds have to be
determined when evaluating potential problems in using product gas in applications
which do not require cold gas cleaning steps”. The aims of a specific research goal thus
determine the level of detail required in the tar sampling and analysis procedure.

The aims and applicability of tar sampling methods vary greatly. Also the oper-
ating parameters of a gasifier as well as the fuel processed have an impact on the amount
and quality of the tars produced. Even if large efforts are being done in the sense of stand-
ardisation of tar sampling methods it might well be that there will never exist one single
tar sampling and analysis method to cover the whole range of applications possible.

At the time when the method used in the present thesis was developed, only
scarce information on precise sampling and analysis procedures was available from the
literature. The method which was best described then was the one employed by the Tech-
nical Research Centre of Finland, VTT [4.8], [4.9], [4.20]. It appeared thus that this meth-
od would supply the best information on tar levels and composition and therefore it was

decided to use a similar system.
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4.3 PSI’s Tar sampling and analysis method

The sampling and analysis method employed in this work is based on the method
developed in Finland by VTT [4.20], of which a complete and detailed description has
only recently become available [4.9]. The goal pursued was to correctly sample and ana-
lyse as many compounds as possible, yielding precise information about the tar amount
present in the gases as well as detailed information on the tar composition. The method
used in the present thesis has been first set-up in 1994 and has since been continuously
refined as more experience in its use was accumulated. Especially the analysis method has
been changed from a GC/FID system to a GC/MSD. The reason for this change was main-
ly the problems in the identification of compounds on the GC/FID system. Another ad-
vantage of the GC/MSD system is, that certain co-eluting compounds (i.e. substances
exiting the capillary column at the same time) can be discerned when their masses are dif-
ferent, allowing for a larger number of compounds to be identified with a simpler chro-

matographic method.

4.3.1 The sampling train

The sampling train used in this work was designed to separate “heavy” and
“light” tars and to allow for the measurement of the water content of the gas. It is com-
posed of three sections: a heavy tar filter, a series of bottles connected by PTFE tubing,
containing water and organic solvents to absorb the tars and a cold trap to retain evapo-
rated solvent and compounds not absorbed in the solvents of the preceding bottles. The
tar sampling train is outlined in Figure 4.1.

Gas is drawn from the reactor by an Inconel 600 sampling tube of 10 x 8 mm
(outer x inner @) and ca. 500mm length. The tip of the sampling tube is at the center of
the reactor. At the outer end of this tube a temperature resistant ball valve is fitted to in-
terrupt gas flow. Directly after the ball valve a heated filter containing ca. 2.5g of glass
wool is fitted. Both the ball valve and the filter housing are heated. The temperature of
this part of the sampling train is set and controlled to 300°C (exterior temperature) during
sampling. A thermocouple is fitted into the center of the glass wool allowing to monitor

its temperature during sampling, see Figure 4.2.
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Figure 4.1: Scheme of the tar sampling train.
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Figure 4.2: Temperature evolution measured in the heavy tar filter (991214). For an
explanation on the meaning of “Run A, B, C” see page 132.
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The assembly containing the glass wool is called the heavy tar filter, as it is de-
signed to trap mainly compounds with a high boiling point and accordingly high molecu-
lar mass. The temperature of 300°C was chosen to allow only the heaviest compounds to
deposit in the filter, minimising the risk of plugging during sampling. In fact, as seen in a
test run where the heavy tar filter was only heated to 150°C neither the operation of the

sampling train nor the results are affected by this temperature set-point. The details of this
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filter are given in Figure 4.3. The design used allows for a leak-free sampling: the tension
springs between in the cap force the tip of the interior filter housing into the inlet tube of
the exterior housing and a labyrinth-type gasket between interior filter housing and cap
ensure tightness at this point. No tar deposition could ever be detected on the outside walls
of the interior filter housing or on the inner walls of the exterior filter housing. Also it al-
lows to easily change the filter so that more than one sampling during an experiment is

possible.

Figure 4.3: Scheme of the heavy tar filter.
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After the gas passes the heavy tar filter it is led by a stainless steel tube (inner
diameter 4mm) to the first bottle of the absorption section. The dimensions of the bottles
used are shown in Figure 4.4.

These are commercially available glass bottles (Schott laboratory bottles with
DIN thread, ISO 4796) with a volume of 250ml and are made of relatively thick glass,
allowing for moderate pressure differences between sampling train and the atmosphere.
All bottles are immersed in a cooling bath connected to a cryostat which circulates the
cooling fluid (water and polyethylene glycol) and controls its temperature to 0°C.

The first bottle is filled with 150ml of deionised water and the gas is led into the

water by an impinger made of stainless steel depicted in Figure 4.5. In this first bottle,
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mostly water as well as tar compounds with an intermediate molecular mass are con-

densed, and the polar compounds like phenol are dissolved in the water.

Fii ﬂ

Figure 4.4: Tar sampling train bottle.
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The gases are then led into the second bottle, which is empty and has its impinger
reversed, meaning that the impinger is connected such, that the gases will enter the bottle
by the top of the impinger and exit through the impinger pipe (see Figure 4.5). This bottle

serves primarily as safety device to prevent the organic solvent from the third bottle to
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flush into the water phase of the first bottle. In this bottle again mainly water is condensed
and only little tar deposition is observed. The third bottle in the series is filled with 150ml
of dichloromethane CH,Cl, (DCM). A tube impinger of slightly smaller diameter than the

second forces the gases into the solvent. DCM was chosen as solvent because it is known
to dissolve all tar compounds well. The fourth bottle of the series is also filled with 150ml
of DCM, but its impinger has a porous glass filter plate of porosity 1 (o of pores 100-
160pm) at its end. This filter plate allows for the formation of small gas bubbles in the
solvent, enhancing the absorption process. A glass filter plate cannot be used in bottle 3,

as it was seen to plug during sampling with small particles and water. The next two bottles,

the 5™ and 6th, in the series are filled with 150ml of a mixture of methanol and acetone
(1:1 by volume) and have the same impingers as bottle 4. The reason for this different sol-

vent is, that it might trap polar compounds not retained by the DCM in the preceding bot-

tles. Also, the volatile DCM from the 3" and 4 bottles is trapped by the less volatile
solvent present, diminishing solvent loss during sampling. The last bottle in the series is
again an empty safety bottle.

The last component of the sampling train is a cold trap (CT), depicted in
Figure 4.6, which is immersed in an insulating Dewar vessel containing a dry ice/2-pro-
panol mixture. This mixture cools the cold trap to ca. -78°C and allows for solvent evap-

orated and tar compounds not trapped by the preceding bottles to be held back.

Figure 4.6: The cold trap.
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All bottles are connected by PTFE tubes of 6 x 4mm and ca. 50-70mm length.
The PTFE tubes are connected to the glassware by caps with an inner GL14 thread and
tightness is ensured by the use of silicone ring gaskets. All solvents used are of 99.9% pu-
rity.

After the sampling train, the gas passes by the same type of gas conditioning de-
vice used for gas sampling (see chapter 2, page 31) composed of a gas cooler with a Peltier
element for water condensation, a diaphragm gas pump, a dust filter, a needle valve for
setting the gas throughput and a rotameter. The gas flows then to a total gas volume meter
with which the volume of gas sampled is accurately measured. This device is fitted with
a thermometer and a u-tube manometer to measure the gas temperature and pressure. A
typical example of the gas volume, pressure difference and temperature evolution during

sampling is shown in Figure 4.7.

Figure 4.7: Gas volume sampled, pressure difference to atmosphere and gas
temperature for experiment 991214B.
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The gases are then led by PTFE tubes to the mass spectrometer, enabling the
measurement of the gas composition during sampling. An example of the gas composition
measured during a tar sampling is shown in Figure 4.8. The observed initial peak of N,
and O, is due to the air in the bottles being sucked out and very rapidly the gas composi-
tion becomes equal to that before sampling. The lack of oxygen in the gases shows well

the tightness of the sampling train.
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Figure 4.8: Gas composition evolution during tar sampling. (991214B)
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4.3.2 Tar sampling procedure

Before sampling, the glass wool in the heavy tar filter is weighted and inserted
into the filter, forming a plug approximately at the centre of the filter and leaving enough
space at the filter inlet for particles which are sucked with the gases and deposited there.
A small cavity is made in the glass wool to accommodate the tip of the thermocouple. Spe-
cial attention is given not to pierce through the glass wool. The heavy tar filter is the as-
sembled (i.e. the tension springs inserted into the cap and the cap placed carefully on the
tight fitting inner filter housing) and the steel tubes which connect the HT filter to the bot-
tles fitted loosely. All bottles of the sampling train are tared with their caps and respective
impingers. The water and the solvents are filled in and their weight is also noted and the
bottles are loosely connected together by the PTFE tubes. A transportation rack is fitted
which fixes the bottles allowing their transportation as a single unit to the tar sampling
point of the reactor. The cold trap is flushed with argon to prevent water condensation
when it is immersed in the dry ice/2-propanol mixture and its weight is also written down.
On the installation the heavy tar filter is mounted in its housing and its heaters are turned

on. The sampling train bottles are immersed into the cooling bath for thermal equilibra-
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tion. When the heavy tar filter reaches its operational temperature the connecting tubes
are fastened, the sampling bottles are connected to the cold trap and the cold trap to the
gas conditioning device. The exact volume displayed by the gas volume meter is noted on
a tar sampling protocol. Tar sampling can then be performed.

Sampling is begun by starting the pump in the gas conditioning device and then

opening the ball valve before the heavy tar filter. The gas flow is initially set to 200l\/h

using the needle valve and the rotameter on the gas conditioning device. The volume in-
dicated by the volume meter, the gas temperature and pressure as well as the approximate
gas flow indicated by the rotameter are noted on a tar sampling protocol at regular time

5" minute after the start). Sampling

intervals during sampling (at 1, at 5 and then at every
is complete when a total gas volume of at least 75 litres (in general 100 litres are sampled)
has flown through the sampling train. This volume has been set as a practical value yield-
ing appropriate concentrations of the tar compounds in the solutions and a sampling time
of 30-40 minutes. It is assumed, that the gas volume measured is that of dry gas. The sam-
pled gases pass through the cold trap at -78°C and the gas cooler/water condenser at 4°C
before reaching the gas volume meter. This assumption was experimentally confirmed, as
no condensate was ever seen to exit the gas cooler.

The sampling is stopped by closing the ball valve and shutting down the pump
of the gas conditioning device. This procedure creates a slight vacuum in the sampling
train. The total volume sampled and the duration of the sampling are noted on the proto-
col. The heater of the heavy tar filter is turned down and allowed to cool to 100°C before
it is taken out of its housing. The connection between the heavy tar filter and the first bot-
tle is immediately opened after stopping the sampling pump and a cap is placed on the
steel tube which remains connected to the heavy tar filter to prevent compounds from es-
caping from the heavy tar filter. The connections between the sampling bottles are then
opened sequentially from the first bottle in the direction of flow of the gas to prevent back
flushing of the solvents between bottles. The cold trap is disconnected from the sampling
train, plugged and removed from the dry ice/2-propanol mixture to slowly heat-up to

room temperature. The sampling bottles are then taken out of the cooling bath, thoroughly
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dried and taken to the laboratory as soon as possible for weighting and processing of the

solutions. An example of a mass balance for the sampling train is shown in Table 4.2.

Table 4.2: Mass balance of tar sampling train. (990729A)

Bottle Contents Tara [g] Mass of liquid Bottle’s weight [g] Balance

Nr. added [g] before after lg]
sampling

1 150ml H,O 405.85 147.3  553.15 606.83 +53.68

2 - 322.85 0 322.85 324.2 +1.35

3 150ml DCM 316.89 191.8 508.69 426.16 -82.53

4 150ml DCM 316.81 195.66  512.47 496.41 -16.06

5 150ml Acetone/MeOH 316.35 116.03 43238 500.16 +67.78

6  150ml Acetone/MeOH  306.98 118.25 42523 439.13 +13.9

7 - 306.93 0 30693 307.17 +0.24

CT - 163.95 0 163.95 180.98 +17.03

Water accumulated [g] 55.03

Solvent lost [g] 0.36

Solvent lost [% of total mass of solvent used] 0.06

4.3.3 Sample treatment procedures

The heavy tar filter, the water phase in bottles 1 and 2 and the organic phases of
bottles 3 to 7 and the cold trap are prepared by different procedures prior to the determi-
nation of the tar contents by GC/MSD.

Handling of heavy tar filter

The tars deposited in the heavy tar filter are extracted from the glass wool by
soxhlet liquid/solid extraction. This extraction method allows for high recovery of com-
pounds in the solid sample while keeping the volume of solvent employed low. A scheme
of the extraction apparatus is shown in Figure 4.9.

The metal body containing the glass wool and the tension springs are directly
placed in a cellulose extraction thimble of 33mme and 205mm length and covered with
some fresh glass wool. The filter cap and the steel connection tubes are immersed respec-

tively filled with fresh acetone and put in an ultrasonic bath for 15 minutes. They are then
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thoroughly washed with more fresh acetone. The thermocouple is also rinsed with acetone

and all the solvent used is added to the extraction apparatus.

Figure 4.9: Soxhlet extraction apparatus.
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The glass wool filter is first extracted for 24 hours with 300ml acetone. The heat-

ing bath is kept at 90°C and both bath and solvent reservoir are vigorously stirred. At the
end of this period, the acetone extract volume is reduced to below 100ml by evaporating
the solvent and removing the excess through the outlet of the extraction apparatus. The
concentrated acetone extract is allowed to cool to room temperature. The round flask is

then removed and set aside. A fresh round flask is attached to the extraction apparatus and
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250ml toluene are added. Extraction is then continued for another 24 hours with the heat-
ing bath kept at 150°C. At the end of this second extraction period the toluene extract is
again concentrated, allowed to cool and set aside. Under the conditions used the thimble
is flushed with a fresh batch of distilled solvent ca. every 10-15 minutes, resulting in ca.
100-140 extraction cycles per solvent.

Both the acetone and the toluene extracts are then transferred into 100ml volu-
metric flasks. The volumetric flasks are then filled with the corresponding solvent. From
these solutions with known volume, fractions of 8ml are drawn and transferred into 10ml
volumetric flasks. Internal standard (see page 102) is added and the flasks filled to 10ml.
These solutions are then ready to be injected into the GC/MSD.

The excess solvent reclaimed at the end of the extraction is filled in 200 or 250ml
volumetric flasks. Internal standard is added and the flasks are filled with fresh solvent.
These samples can also be analysed by GC/MSD to test for the completeness of the ex-
traction. Even if the second extraction with toluene yields a dark coloured extract, no tar
compounds could be detected in significant amounts in both excess solvent samples. For

this reason the analysis and preparation of the excess solvent samples was discontinued.

Handling of the water phase (sampling bottles 1&2)

Compounds dissolved in the water phase are extracted by liquid/liquid extraction
with DCM. The water and tar condensate in sampling bottle 1 is transferred into the con-
tinuous extraction apparatus shown in Figure 4.10. This apparatus allows for the extrac-
tion of the water phase with a relatively small amount of solvent. The glass insert with
porous sintered glass plate enables the distribution of the freshly distilled solvent coming
from the condenser as fine droplets into the aqueous phase, enhancing the extraction proc-
ess. The sampling bottles 1 and 2 as well as the impingers are carefully washed with little
water, then with DCM and finally with acetone. The water and the DCM used in this
washing procedure are also transferred into the extraction apparatus. The acetone solution
obtained in the washing of the bottles is incorporated to the extract after the extraction
procedure. A total volume of 250ml of DCM is used in this extraction procedure, which
also runs for 24 hours with the heating bath set to 50°C. After this period, the DCM extract

is concentrated and the excess solvent reclaimed. The extract and the acetone washing are
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then filled into a 100ml volumetric flask and internal standard added. This solution is then

ready for analysis on the GC/MSD.

Figure 4.10: Liquid/liquid extraction aparatus.
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The excess solvent is filled into a 250ml volumetric flask, internal standard is

N— 3-Way valve

N

added and the flask filled to the mark with acetone to prevent phase separation of the water
saturated DCM. This excess solvent is analysed by GC/MSD as it has been found that it
contains minute amounts of tar compounds. These traces of tar compounds probably com-

ing from deposits of DCM with a high tar content which are trapped especially in the drain
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valve and in the upper connection to the 3-way valve (see Figure 4.10) as the content of
the bottles is transferred into the apparatus.

The thoroughness of the extraction procedure was tested by performing a second
extraction for 24 hours with fresh solvent in some samples. The results showed that only
negligibly small amounts of tar compounds were still present in the water phase after the
first extraction. Also the influence of the acidity of the aqueous phase was tested. The wa-
ter coming from the sampling procedure is quite alkaline, as it is exposed in the sampling

procedure to a gas containing high levels of CO,. Especially phenolic compounds may be
deprotonated if the pH of the aqueous phase is high (pK, of phenol = 10) making their

transfer into the organic phase difficult. Lowering the pH of the water in the extractor by
adding acid from approximately 10 to 4 and performing a second 24-hour extraction again
showed negligible increase in the amounts of tars extracted. Therefore a single 24 hour

extraction is sufficient to remove all tar compounds from the aqueous phase.

Handling of the organic phases (sampling bottles 3-7 and cold trap)

The organic solution in the bottles/cold trap is transferred into appropriate volu-
metric flasks. In practice, the volumes shown in Table 4.3 were found to be suitable for
almost all experiments. The bottles, the impingers and the connecting tubes leading the
gas to each bottle are thoroughly rinsed with acetone and the washing solutions added to
the corresponding organic phase. Internal standard is added and the volumetric flasks are

filled. The solutions are ready for GC/MSD analysis.

Table 4.3:  Volumes of the organic solutions.

Bottle Nr. 3 4 5 6 7 CT
Volume [ml] 200 200 250 200 25 50

All samples analysed by the GC/MSD contain the same internal standard
(ISTD), 1,2,3,4-tetrahydronaphthalene at a concentration of 100+£5ug/ml. This substance
was chosen as internal standard for the following reasons:
 itis absent in the gasification tars;
* it has aromatic character and will thus behave similarly to the aromatic tar compounds

in the chromatographic system;
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* it has an intermediate boiling point relative to the tar compounds analysed. It will thus
elute approximately in the middle of the chormatogram making it suitable for the
characterisation of all of the tar compounds;

 itis readily available at high purity and modest cost.

The use of an internal standard for GC/MSD quantitative analysis is necessary to
eliminate inaccuracies derived from unequal volumes of sample injected. An appropriate
volume of internal standard stock solution is added to the samples prior to their dilution
to final volume. The exact concentration of ISTD is noted for each sample for later cor-
rection of the concentrations.

The result of this preparation procedure are the 10 liquid samples listed in
Table 4.4 for each run which are then analysed on the GC/MSD The handling procedures

of the tar samples are summarised in Figure 4.11.

Table 4.4: Samples for GC/MSD analysis. YYMMDD: experiment number; X: run in
experiment.

Sample name Origin

YYMMDD X HT Ac  Liquid/solid extract of HT filter with acetone
YYMMDD X HT Tol Liquid/solid extract of HT filter with toluene
YYMMDD X OE Liquid/liquid extract of water in bottles 1 and 2
YYMMDD X OER Excess solvent from liquid/liquid extraction
YYMMDD X 3 Bottle 3

YYMMDD X 4 Bottle 4
YYMMDD X 5 Bottle 5
YYMMDD X 6 Bottle 6
YYMMDD X 7 Bottle 7
YYMMDD X CT Cold trap
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Figure 4.11: Scheme for the preparation of tar samples of experiment YYMMDD run X.
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4.3.4 GC/MSD analysis method

Samples prepared according to the last section are analysed for their contents on
the 41 compounds listed in Table 4.5. These compounds where selected according the in-
formation in references[4.10], [4.24], [4.20], [4.25] and [4.26]. The compounds reported
in large concentrations in more than one of the above references where chosen for our GC/
MSD analysis method. Also the 16 priority polycyclic aromatic hydrocarbon (PAH) com-

pounds defined by the US environmental protection agency were included.

Table 4.5: Compounds measured by GC/MSD method (BP: Boiling point [4.22],

[4.23])

Compound Formula Mol. mass [kg/kmole] BP [°C] CAS Nr.
Benzene CeHy 78.11 79.9 71-43-2
Toluene C;Hg 92.14 110.7 108-88-3
Ethylbenzene CgHj 106.17 136.3 100-41-4
p-Xylene CgHyp 106.17 138.4 106-42-3
m-Xylene CgHyp 106.17 139.2 108-38-3
0-Xylene CgHy 106.17 144.5 95-47-6
Styrene CgHg 104.15 145.3 100-42-5
3-Ethyltoluene CoHyp 120.19 161.4 620-14-4
4-Ethyltoluene CoHyy 120.19 162.1 622-96-8
2-Ethyltoluene CoHy 120.19 165.3 611-14-3
Phenol CgHeO 94.11 181.8 108-95-2
o-Methylstyrene CoHy 118.18 165.5 98-83-9
2-Methylstyrene CoHy 118.18 - 611-15-4
3-Methylstyrene CoHyg 118.18 171.7 100-80-1
4-Methylstyrene CoHy 118.18 172.9 622-97-9
2,3-Benzofuran CgHgO 118.14 174.1 271-89-6
o-Cresol C,;HgO 108.14 191.1 95-48-7
Indene CyHg 116.16 182.7 95-13-6
p-Cresol C,HgO 108.14  202.0 106-44-5
m-Cresol C,;HgO 108.14  202.3 95-48-7
Naphthalene CyoHg 128.17  218.0 91-20-3
2-Methylnaphthalene CiiHjo 14220  241.1 91-57-6
1-Methylnaphthalene CiiHjo 14220  245.1 90-12-0
Biphenyl CioHpo 154.21 256.0 92-52-4
Acenaphthylene CioHg 15220  280.1 208-96-8
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Table 4.5: Compounds measured by GC/MSD method (BP: Boiling point [4.22],

[4.23])

Compound Formula Mol. mass [kg/kmole] BP [°C] CAS Nr.
Acenaphthene CioHyo 154.21 279.1 83-32-9
Dibenzofuran C,,HgO 168.19  287.1 132-64-9
Fluorene Cy3Hyg 166.22  294.1 86-73-7
Phenanthrene Ci4Hyo 178.23 340.1 85-01-8
Anthracene Ci4Hyo 178.23 340.1 120-12-7
Fluoranthene CiHio 202.26  385.8 206-44-0
Pyrene CiHio 202.26  394.2 129-00-0
Benz[a]anthracene CigHiz 22829  437.7 56-55-3
Chrysene CisHyo 228.29 448.1 218-01-9
Benz[e]acephenanthrylene C,oH;, 252.32 - 205-99-2
Benzo[k]fluoranthene CyoHyp 252.32 480.1 207-08-9
Benzo[a]pyrene CyoHyp 252.32 495.1 50-32-8
Perylene CyoHi2 252.32 497 198-55-0
Dibenzo[ah]anthracene =~ Cy,Hjy4 278.35 524.1 53-70-3
Indeno[1,2,3-cd]pyrene ~ CyH;» 276.34  536.0 193-39-5
Benzo[ghi]perylene CyoH, 276.34 542 191-24-2

The analysis is carried out on an HP6890 Series gas chromatograph equipped
with an HP5973 mass selective detector and an HP6890 Series auto sampler/liquid injec-
tor. The column used is an “optima 8-3” capillary column from the company Macherey
Nagel. Its dimensions are 60m length, 250pum diameter and a stationary film thickness of
0.25um. The stationary phase is similar to the popular 5%-phenyl-methyl-siloxane phase
used in many capillary GC applications and by some research groups in the analysis of tar
compounds. The stationary phase has been modified by the manufacturer to allow for di-
pole-dipole interactions between the stationary phase and the analytes, enhancing its sep-
aration capabilities. This property allows for the proper separation and analysis of
compounds with a wider range of polarities. The thermal stability of this particular phase
is also very high, allowing for oven temperatures up to 340°C without damage to the cost-
ly column. Furthermore this column exhibits low bleeding (i.e. loss of stationary phase
when heated), an advantage when performing both quantitative as well as qualitative

(“’scan’) measurements.
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The inlet used is a split mode inlet heated to 340°C to minimise deposition of tar
compounds. A deactivated glass liner of “reverse cup” design with a silanised glass wool
insert is placed into the inlet. This particular liner is used as it exhibits better evaporation
characteristics for mixtures of compounds with large range of molecular weights. Further-
more the glass wool prevents fine particles from entering and damaging the column. The
carrier gas used is helium and the inlet pressure is automatically corrected to yield a con-
stant gas flow rate of 3 ml/min. throughout the chromatographic analysis run. Two split
ratios are used, according to the concentration range to be covered. For analysis of com-
pounds in low concentrations a split of 1:9 is used. For analysis of high concentrations the
split used is 1:90. This procedure allows for the coverage of a very wide range of concen-
trations spanning over four decades (1:1000). This procedure requires however separate
calibrations for each split ratio used.

The GC oven is programmed to start analysis at 40°C and then heat up with
10°C/min. to 340°C and hold this temperature for 5 to 10 minutes. This hold time at the
end of the chromatographic run depends on the retention time of the last component elut-
ed, Benzo[ghi]perylene. This retention time becomes shorter as the column slowly dete-
riorates by losing its stationary phase and is adapted as required.

The transfer line between GC and MSD is kept at 340°C. The MSD is in the so-
called select ion monitoring mode (SIM) for quantitative analysis of the samples. This
technique is important to ensure that the abundance registered by the MSD’s detector is
proportional to the amount of substance eluted from the column. In SIM mode the MSD
is set to retrieve only the abundances of selected ions which are characteristic of the sub-
stance exiting the column. This in turn means, that both the characteristic ions as well as
the retention time of the substances to be analysed must be known. Both parameters were
established by running chromatograms of solutions of the single substances with the MSD
in scan mode. In contrast to SIM mode, when in scan mode the MSD is set to sweep
through a range of m/z ratios. Therefore a complete mass spectrum is generated at all
points of the chormatogram. From these single analyte scan chromatograms, the list of
characteristic ions for each substance given in Table 4.6 was established. The chormato-
gram of the strongest ion of a substance is used for the quantification and is called the tar-
get ion. The other ions are merely used to control if the peak registered is truly the

substance expected. This control is made by comparing the ratio of responses of these so
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called qualifier ions to the target ion. Due to limitations in the hardware it is not possible
to switch between groups of ions fast enough if the substances elute too closely. This prob-
lem is overcome by allowing for the simultaneous measurement of the characteristic ions
of more than one compound. A limit of 9 simultaneously measured ions is used through-

out the method to ensure high sensitivity.

Table 4.6: Characteristic ions for GC/MSD SIM mode.

Compound Target ion Qualifier ions
lst 2nd
1,2,3,4-Tetrahydronaphthalene (ISTD) 104 132 91
Benzene 78 77 52
Toluene 91 92 65
Ethylbenzene 91 106 92
p-Xylene 91 106 105
m-Xylene 91 106 105
o-Xylene 91 106 105
Styrene 104 103 78
3-Ethyltoluene 105 120 91
4-Ethyltoluene 105 120 91
2-Ethyltoluene 105 120 91
Phenol 94 66 65
o-Methylstyrene 118 117 103
2-Methylstyrene 117 118 115
3-Methylstyrene 117 118 115
4-Methylstyrene 117 118 115
2,3-Benzofuran 118 89 90
o-Cresol 108 107 77
Indene 115 116 89
p-Cresol 107 108 77
m-Cresol 108 107 77
Naphthalene 128 129 127
2-Methylnaphthalene 142 141 115
1-Methylnaphthalene 142 141 115
Biphenyl 154 153 152
Acenaphthylene 152 151 150
Acenaphthene 154 153 152
Dibenzofuran 168 139 169
Fluorene 166 165 163
Phenanthrene 178 179 176
Anthracene 178 179 176
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Table 4.6: Characteristic ions for GC/MSD SIM mode.

Compound Target ion Qualifier ions

lst 2nd
Fluoranthene 202 203 200
Pyrene 202 203 200
Benz[a]anthracene 228 226 229
Chrysene 228 226 229
Benz[e]acephenanthrylene 252 250 126
Benzo[k]fluoranthene 252 250 126
Benzo[a]pyrene 252 250 126
Perylene 252 250 126
Dibenzo[ah]anthracene 278 279 139
Indeno[1,2,3-cd]pyrene 276 277 274
Benzo[ghi]perylene 276 277 274

To calibrate the GC/MSD four solutions are used. The concentrations of the an-
alytes in these solutions is given in Table 4.7. The concentration of internal standard
(1,2,3,4-Tetrahydronaphthalene) is 101.04pg/ml for all calibration solutions. Note that the
method using the lower split ratio is calibrated using only the 3 solutions with the lowest
concentration (CS2 to CS4) whereas the method with the high split ratio uses the three
solutions with higher analyte concentrations (CS1 to CS3). The calibration procedure in-
volves three-fold injection of each solution and averaging of the measured peak areas. In
all 18 runs are necessary to calibrate both methods, a time consuming procedure which
offers the advantage of only having to run a single analysis of each sample, as the repro-
ducibility of the analysis results is excellent. The variation of the results generated by the
GC/MSD is smaller than 5% about the mean. Note that some isomers among the com-
pounds, namely p- and m-xylene, 2- and 3-methylstyrene could not be separated by the

chromatographic method employed and are treated as single compounds.
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Table 4.7:  Concentrations [pug/ml] of calibration solutions (CS) used.

Compound CS1 CS2 CS3 CS4
“Benzene 10106 1010.6 101.06 10.106
Toluene 5025 502.5 50.25 5.25
Ethylbenzene 5089 508.9 50.89 5.089
p&m-Xylene 10528 1052.8 105.28 10.528
o-Xylene 5002 500.2 50.02 5.002
Styrene 4997 499.7 49.97 4.997
3-Ethyltoluene 1034 103.4 10.34 1.034
4-Ethyltoluene 1020 102 10.2 1.02
2-Ethyltoluene 1034 103.4 10.34 1.034
Phenol 1021 102.1 10.21 1.021
o-Methylstyrene 1039 103.9 10.39 1.039
3&2-Methylstyrene 2070 207 20.7 2.07
4-Methylstyrene 1041 104.1 10.41 1.041
2,3-Benzofuran 1095 109.5 10.95 1.095
o-Cresol 1198 119.8 11.98 1.198
Indene 1033 103.3 10.33 1.033
p-Cresol 1316 131.6 13.16 1.316
m-Cresol 1033 103.3 10.33 1.033
Naphthalene 1126 112.6 11.26 1.126
2-Methylnaphthalene 1039 103.9 10.39 1.039
1-Methylnaphthalene 1049 104.9 10.49 1.049
Biphenyl 1008 100.8 10.08 1.008
Acenaphthylene 437 43.7 4.37 0.437
Acenaphthene 1060 106 10.6 1.06
Dibenzofuran 1180 118 11.8 1.18
Fluorene 1017 101.7 10.17 1.017
Phenanthrene 1050 105 10.5 1.05
Anthracene 1000 100 10 1
Fluoranthene 1010 101 10.1 1.01
Pyrene 1040 104 10.4 1.04
Benz[a]anthracene 420 42 4.2 0.42
Chrysene 500 50 5 0.5
Benz[e]acephenanthrylene 205 20.5 2.05 0.205
Benzo[k]fluoranthene 152 15.2 1.52 0.152
Benzo[a]pyrene 420 42 4.2 0.42
Perylene 504 50.4 5.04 0.504
Dibenzo[ah]anthracene 539 53.9 5.39 0.539
Indeno[1,2,3-cd]pyrene 498 49.8 4.98 0.498
Benzo[ghi]perylene 505 50.5 5.05 0.505
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The results of each injection are peak areas for each compound as well as for the
ISTD. In the quantification method using internal standards it is assumed that the ratio of

the peak area of a compound (4;) to the peak area of the ISTD (4 ,¢7p) are proportional to

the ratio of the concentrations:

i i
=7 (4.1)
Aistp " s

In reality this proportionality is only valid in a narrow range of concentrations.

Therefore a polynomial curve is fitted for each compound yielding calibration functions

of the form:
A. c. \2 C;
i =0°,~'( ID) +Bl~'( ’D)wl. (4.2)
Aistp CrsrT. CIst

The GC/MSD software allows for the calculation of 7 types of calibration curves
using weighted linear regression. Weighted linear regressions are required when the var-
iances are not identical for all data points. In the case of our GC/MSD measurements ex-
tensive repeated measurements would be required to yield the variances of the complex
set of data points generated. However, in the case of GC/MSD data, the variances can be

approximated by using the factors L or ! 5 [4.27]. The regressions for the

( CiD) ( CiD)
CIsT CIsT

results obtained from each calibration is checked and the best fitting curve is selected for

each compound separately. The best fit is defined as the smallest sum of deviations be-
tween the predicted and the actual concentrations in the calibration samples. Note that this
choice was made as there 1s no unique statistical procedure for selecting the best regres-
sion equation [4.28].

Additionally to the quantitative analysis the samples are qualitatively analysed
using the MSD in scan mode to check for unknown substances present in high concentra-
tions. These scan runs were performed with the MS scanning the range of 18 to 400 amu.
Examples of quantitative SIM and qualitative scan chromatograms are shown in Figures

4.12 and 4.13.
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In the analysis of the toluene extract of the heavy tar filter, all compounds eluting
before 2,3-bezofurane with the exception of phenol are ignored. The reason for this is, that
many of these compounds are substituted toluenes already present in the toluene solvent
used in amounts detectable by the analysis method.

The results from the GC/MSD qualitative analysis are concentrations of the sin-
gle compounds in each sample. These concentrations are multiplied by the sample vol-
ume, yielding the compounds masses in each sample. The masses in the acetone and
toluene extract are further multiplied by a factor (volume of raw extract/volume of frac-
tion used in GC sample preparation, generally 100ml/8ml see page 100) to yield the cor-
rect mass of the compounds found in the original HT filter extracts. The masses of each
sample are added yielding the total mass of a given component sampled in a particular run.

Finally, the concentrations of the compounds in the gas is obtained by simply di-
viding the mass of compound by the volume of gas sampled at normal or standard
(1013.25mbar, 237.15K) conditions. As an example the tar masses in the samples of run
991005A is given in Table 4.8. Note that the concentrations of tar compounds calculated
are tar concentrations per volume of dry, tar-free gas. To obtain the correct concentration
of tar compounds in the gas as it exits the reactor allowance must be made for the tar and

water amount in the gases.
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Table 4.8:  Tar compound masses [pg] for tar samples and total mass of compounds [mg] for run 991005A.

Sample Total
Compound HT Ac HT Tol OE OER 3 4 5 CT [mg]

1-Methylnaphthalene 1176 10 15301 23 2143 7221 50 2 0 0 259
Biphenyl 577 24 5256 16 693 2359 48 0 0 0 9.0
Acenaphthylene 2706 13 21246 12 2220 7090 50 0 0 0 333
Acenaphthene 360 0 2355 0 289 975 35 0 0 0 4.0
Dibenzofuran 744 30 4230 21 521 1757 58 0 0 0 7.4
Fluorene 1335 28 6658 23 759 2686 65 0 0 0 11.6
Phenanthrene 4516 44 15987 33 1909 6658 103 0 0 0 29.2
Anthracene 1295 0 4628 51 545 1901 130 0 0 0 8.5
Fluoranthene 2607 31 7022 27 813 2955 73 0 0 0 13.5
Pyrene 2010 29 5139 25 589 2131 65 0 0 0 10.0
Benz[a]anthracene 1062 20 2170 16 238 869 43 0 0 0 4.4
Chrysene 868 15 1728 12 201 694 33 0 0 0 3.6
Benz[e]acephenanthrylene 430 0 741 0 82 283 10 0 0 0 1.5
Benzo[k]fluoranthene 325 0 576 0 57 219 0 0 0 0 1.2
Benzo[a]pyrene 516 0 870 0 91 324 16 0 0 0 1.8
Perylene 88 0 151 0 24 59 15 0 0 0 0.3
Dibenzo[ah]anthracene 84 0 127 0 18 50 0 0 0 0 0.3
Indeno[1,2,3-cd]pyrene 248 4 375 0 41 138 0 0 0 0 0.8
Benzo[ghi]perylene 180 0 259 0 22 93 0 0 0 0 0.6

Total tar mass detected by GC/MSD [mg]: | 2052.6
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Throughout the analysis of the tar samples it was noted that not all 10 solutions
had to be analysed. An average of 99.9% of the tars are found in the samples coming from
bottles 3 to 5, the acetone extraction of the HT filter, the liquid/liquid extract of the water
phase and the excess solvent from this extraction. Accordingly the analysis of the samples
issued from bottles 6 and 7 and from the cold trap was discontinued. This reduction in the
number of analysed samples represents substantial time saving as each analysis requires
over 40 minutes to complete.

Another point which allows some time to be saved is, that due to the splitting of
the calibration in two ranges only one analysis per sample and concentration range is re-
quired. The samples containing high concentration if tars (usually OE, 3 and 4) are how-

ever analysed using both concentration range methods.

4.3.5 Laboratory tests of the sampling train

The trapping capability of the tar sampling train used was tested under laboratory
conditions [4.29]. In these tests only three tar compounds, namely toluene, phenol and
naphthalene were used, to represent roughly the types of compounds present in the gas.
Also, the tests were carried out without the HT filter in an attempt to truly identify weather
tar compounds could pass through the sampling train’s absorption part. The tests were
conducted by evaporating or sublimating the compounds from a glass container in a ther-
mostat and flushing this container with nitrogen. The gas containing the compounds was
then led to the series of 7 bottles used in the tar sampling train and the solutions obtained
were prepared as explained in Section 4.3.3 and analysed by GC/MSD.

The results of these tests showed, that 99.9% of the compounds masses were al-
ways trapped in bottles 1 to 4. This excellent trapping capability was not affected by gas
flow or by the concentration of the compounds in the gas phase. Additionally, an experi-
ment were mass balances were carried out for all three compounds showed that this tar

trapping set-up is able to quantitatively retain tar compounds.
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S EXPERIMENTAL RESULTS

5.1 Experimental plan

5.1.1 Fractional factorial experimental plan

The study of gasification was started with an experimental plan based on the
fractional factorial design method using SCW as fuel and air as gasification agent. For an
in-depth discussion of this experimental design method see references [5.1] and [5.2]. Ex-
perimental design methods are used in the study of complex systems to yield a maximum
of information on the system’s behaviour with a minimum number of experiments. De-
sign methods prescribe the values of the variables for a series of experiments to meet the
above criterion. By this procedure, I expected to gather information on which operational
parameters had the strongest influence on the gasification products, especially the tar

amount and composition. Once these most important parameters where established, fur-
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ther experiments with other fuels and gasification agents would focus only on a smaller
number of variables.

The variables to be studied using the factorial method must be independent. In
preliminary or screening experiments (such as those envisaged at the beginning of the
study) it is usual to select the values for the variables as the maximum and minimum val-
ues of the range considered. The variables are normalised for the mathematical treatment

of the design. For example if a temperature 7'is to be studied between 7,,;, and T, the

normalised variable X assigned to the temperature is calculated as follows:

T +T .
T—( max mll’l)
2

Xp = (5.1)
(T max T min)
2
X7 will therefore assume the values of +1 and -1 when the temperature 7'is set to
T4 respectively to T,,;,. In a full factorial design, all the n variables of interest are com-

bined at both levels, yielding a total of 2" experiments to be preformed. With this design
it is possible to fit an empiric linear model to the data generated by the experiments in
which the combined interactions of more than one variable may be determined. It is also
possible to design experiments at more than two levels for the variables, allowing for

more complexity in the models to be fitted. The number of experiments required does

however grow rapidly (for example 3" for three levels and n variables) making such de-

signs impractical at the beginning of an investigation. Table 5.1 shows an example of a

Table 5.1:  Full factorial design for three variables.

Experiment number X; X, X3 Result
4 1 1 1 Y,
7 +1 1 1 Y,
5 1 +1 1 Ys
1 +1 +1 1 Y,
6 1 1 +1 Ys
3 +1 1 +1 Y;
8 -1 +1 +1 Yy
2 +1 +1 +1 Y,

124



Chapter 5: Experimental results

full factorial design for three variables in which a quantity Y is measured as a result (or
response) of each experiment. To minimise the effect of systematic errors the order in
which the experiments are carried out is chosen randomly.

The results data set (¥},Y,,...,Yg) obtained by the experiments allows the calcu-

lation of 8 fit parameters 0;, yielding the following linear model:

Y= 00+ 0.X) 0,0, + 0345+ 0,X,0, + 03X, X5 T 03045+ 6,8, X, (5.2)

The fractional factorial design method allows for a reduction in the number of
experiments by using the combination of values of arbitrarily chosen variables to assign
values to the remaining variables. The assignment relations are called “generators of the
design”. This procedure also reduces the number of parameters which can be predicted
accurately. However proper selection of the combination procedure still allows to esti-

mate the parameters 0; for the single variables and some of the combined influences of

more than one variable. This loss of information is compensated by the fact, that the com-
bined influence of more than two variables is generally small and may be disregarded.

Using this method it was planned to establish the influence of the 6 variables list-

ed in Table 5.2, with only 16 experiments in a so called 26 design with the “generators”

5=123 and 6=234.

Table 5.2:  Operational variables for fractional factorial design.

Variable Normalised Level

variable Low (-1) Mid (0) High (+1)

Bed temperature (T),.q) X 700°C 800°C 900°C
Freeboard temperature gradient (7y) X, 0°C -50°C -100°C
Equivalence ratio (ER) X3 0.2 0.3 0.4
Fuel humidity (§) Xy 0% 15% 30%
Bed particle size (d;, jeq) Xs 04mm  0.4mm  0.7mm
Bed aspect ratio (H/D) Xg 1 2 3

This design would allow for the precise estimation of the parameters for the sin-
gle variables X;-X,. The parameters for the variables X5 and X4 can however not be esti-
mated alone. Only a combination of these parameters with the parameter for the combined

influence of the variables X;, X5, X3 and X,, X3, X, respectively can be calculated. This
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drawback was accepted, as the first four variables where expected to be those with the ma-
jor influence. To estimate the variance of the results, repeated experiments were planed at

the so-called central point (X;=0).

The bed temperature was to be set and controlled with the aid of the heater shells
surrounding the bed module. The freeboard temperature gradient to be used was defined
as the difference of the bed temperature to the topmost temperature in the reactor. The fuel
humidity values are on a wet basis and would be set by drying the fuel in an oven as re-
quired. The bed particle size corresponds to the mean particle diameters of two types of
Molochite available (see page 34). The central point value for this parameter could not
properly be set and it was decided to run the central point experiment using the smaller
bed particles. The bed aspect ratio is defined as the height of the bed at minimum fluidi-
sation conditions to the reactor’s inner diameter (0.213m). To simplify the operation of
the set-up is was further decided to perform first all experiments with the fine bed material
and then change the bed’s inventory to the coarser material. The complete set of planned

experimental conditions is shown in Table 5.3.

Table 5.3: Experiments planned by the fractional factorial method.

Exp. Tphea [°Cl  Y[°C]  ER[] §[%] dppea (mm] H/D [-]

Nr.
1 700 0 0.2 0 0.4 1
2 900 0 0.4 30 0.4 1
3 700 -100 0.4 30 0.4 3
4 900 0 0.4 0 0.4 3
5 900 -100 0.2 0 0.4 3
6 700 0 0.2 30 0.4 3
7 900 -100 0.2 30 0.4 1
8 700 -100 0.4 0 0.4 1
9 700 -100 0.2 0 0.7 3
10 900 -100 0.4 30 0.7 3
11 700 -100 0.2 30 0.7 1
12 900 0 0.2 0 0.7 1
13 900 -100 0.4 0 0.7 1
14 900 0 0.2 30 0.7 3
15 700 0 0.4 30 0.7 1
16 700 0 0.4 0 0.7 3
R1 800 -50 0.3 15 0.4 2
R2 800 -50 0.3 15 0.4 2
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This experimental plan could however not be carried out fully, only the experi-
ments 1 to 13 were performed and not in all experiments could the planned conditions,
especially the bed temperature, be maintained. Problems arose as the second part of the
design with coarser bed material was started and experiments with “extreme” combina-
tions of the parameters temperature, fuel humidity and ER were performed. In these ex-
periments it was not possible to keep the bed temperature within the self-imposed limits
of £10°C and in some experiments the bed temperature rose slowly but constantly over
the whole experiment. With the coarser material higher air flows are required to meet the

uy/u,,¢ = 2 criterion (see page 44). Larger fuel flows are thus required for a given ER and

therefore larger heat production or demand arise. This heat demand respectively cooling
requirements could not be met. The heat input to the bed is limited by the heating shells’
heating power and no special means for cooling the bed (as for example a heat exchanger)
are provided.

The clear result from these experiments is the unequivocal dependence of the pa-
rameters bed temperature, ER and fuel humidity. This relationship was clear before the
experiments were started, but still it was expected that these variables could be changed
within certain limits using the present gasification test rig. Results from other authors (see
for example [5.3] and [5.4]) state, that these variables can be treated independently in ex-
perimental studies. One conclusion from these experiments is, that the range of operation-
al conditions chosen was too broad to be realised with the existing installation.

At about the same time as these operational problems were first encountered, a
major change in the tar analysis procedure took place. The GC/FID instrument used so far
was replaced by a GC/MSD instrument. A series of tar samples already analysed by GC/
FID were re-analysed by GC/MSD, revealing that the results produced by the two instru-
ments were too different to allow comparison. This discrepancy in the results may be ex-
plained by inaccuracies in the calibration procedure and maintenance of the analysis
method for the GC/FID instrument and by improper peak assignment in the GC/FID chro-
matograms, where the substances could only be identified by their retention time. Re-
analysis of all samples was not possible, since many of the back-up samples clearly
showed loss of substance even if kept in a refrigerator and since too much time would be

required in the re-analysis process.
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Additionally, the data gathered in these experiments could not be properly treat-
ed, as the experimental plan was not completed. An attempt was made to analyse the data
from the first half of the factorial plan (experiments with smaller bed material) without
success. Only a complete set of data allows for correct analysis when using the factorial
method, a clear disadvantage of this experimental design procedure.

A complete abandon of the experimental plan executed so far was thus decided
and a new one was designed. The results obtained in these experiments will not be pre-
sented or discussed here. Even if useful scientific information could not be gathered by
this long series of tests, valuable knowledge on the operation of the set-up and on tar sam-

pling and analysis procedures was gathered throughout this period.

5.1.2 Final experimental plan

A new series of experiments all performed under autothermal conditions at three
different ERs (0.2, 0.3 and 0.4, see page 46) was planned to study the aspects described
in the next sub-sections.

In all experiments the bed aspect ratio used was H/D=3 equating to a bed height

at minimum fluidisation of ca. 640mm or a bed material mass of ca. 25.8 kg. The bed ma-
terial used was the coarse Molochite (c_z’p =708um). No temperature gradient was applied

to the freeboard meaning that corresponding to the ER’s of 0.2, 0.3 and 0.4 the freeboard
temperature was set uniformly at 700, 800 and 900°C respectively. Even though the fuel
humidity is an operational parameter for a large scale gasifier, it was not studied here. The
fuel humidity of the Altholz used cannot be changed, and preliminary experiments
showed that it was not possible to gasify very wet SCW. Thus the humidity of the SCW
was always set at 5-10% to match the humidity of the Altholz.

The influence of the fuel type and gasification agent.

SCW and altholz would be tested using both, air and steam/oxygen as gasifica-
tion agents. These experiments would allow the comparison of the behaviour of the same
fuel with different gasification agents as well as the comparison of different fuels with the

same gasification agent.
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From preliminary experiments it was already known that Altholz yields a lower
tar amount in the gases and some experiments were planned to test whether some charac-
teristics of the Altholz used were responsible for this reduction.

The Altholz used had a smaller particle size than the SCW and thus milled SCW
would be used to test for the influence of the particle size.

Altholz originates to a large extent from demolition activities. This in turn
means, that the Altholz is made of “old” wood. The aging process could modify the struc-
ture or composition of the wood. For example, some of the volatile compounds found in
fresh wood might not be present in Altholz and this could have an influence on the behav-
iour of this fuel. To test this hypothesis a batch of SCW would be artificially aged (see
page 39) and gasified.

Finally, Altholz contains higher amounts of chlorine and heavy metals than
wood. Experiments were planned in which SCW would be mixed with salts or impregnat-
ed with solutions containing these contaminants. Due to lack of time, these contaminant

experiments could however not be carried out.

The influence of plastics admixture.

The admixture of plastics would be studied only with steam/oxygen as these fuel
mixtures would only be used in gasification for the production of nitrogen-free synthesis
gas. The amount of plastics to be mixed would be varied at two levels to gain information
on the influence of this parameter, the levels chosen being 10 and 20% by weight of plas-
tics in the mixture. The upper limit was regarded as a practical maximum both from an
operational point of view (possible clogging of feeding devices at high plastics levels) as
well as from a materials availability point of view for a large scale operation of a gasifi-
cation plant in Switzerland. It was decided to use single plastics rather than plastics mix-
tures even if mixtures would invariably be present in large scale operation. By this method
clearer results were expected as effects arising from different relative amounts of the sin-
gle plastics in a blend are excluded.

The plastics chosen were polyethylene and polystyrene. Data available on the
composition of plastics wastes and on the consumption of plastics (see references [5.5] to
[5.10]) shows that the largest portion of plastic wastes is composed of the polyolefins pol-

yethylene and polypropylene. Polystyrene forms another large fraction of plastics wastes
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in Switzerland as well as elsewhere in Europe see Figure 5.1. Polyvinyl chloride is also
an important part of the waste plastics, but was ruled out in the BIOMETH study and will

therefore not be considered here.

Figure 5.1: Plastics wastes composition according to different sources.
(N.D.: not determined)

Plastics in MSW Plastics in Industrial wastes
in Switzerland [5.5] in Switzerland [5.5]
Polyethylene
Polypropylene 46%
10%

Polypropylene
7%

Polyethylene
57% Polystyrene
Polystyrene
12%
Polyamides
3%
PvC Rubber
8% 10%
N.D. ':j;r N.D.
8% ° 24%

UK Estimates of post-use
recycled plastics 1997 [5.7]

Polypropylene

17%
Polystyrene
Polyethylene 6%
63%
PvC
8%
PET
ABs 3%

It was assumed, that the polyolefins would exhibit similar behaviour in the gas-
ifier as they are chemically very similar long aliphatic molecules. Therefore only one of
them, polyethylene, was selected for the experiments. Polystyrene displays a chemical
structure in which aromatic sub-structures are present. These aromatic constituents were
expected to have a strong impact on the tars in the gas, making this particular polymer an

interesting study object.

The influence of operational parameters.

Besides the variation of the ER, it was decided to test the influence of the steam

to biomass ratio by performing experiments where a higher steam input would be admit-
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ted to the reactor with otherwise constant parameters. Also, the influence of the reactor
load would be studied in an experiment where the biomass feedrate would be kept con-
stant and the input of oxygen would be adjusted to yield the desired ER.

Finally, to ascertain to what extent systematic errors arising from the continued
use of the set-up would influence the results obtained, a series of repetition experiments
was planned.

Table 5.4 lists the experiments performed grouped with respect to the fuel used.
The repetition experiments are marked with “RE” in the comments column of this table.
Due to lack of time only one such repetition experiment could be carried out using Altholz

as fuel and steam/oxygen as gasification agent.

Table 5.4: Experiments performed according to final experimental plan.

Exp;r;.ment Fuel Gasification agent ER set-points Comments
990903 SCW air 0.2;0.3;0.4
000125 SCW steam/O, 0.2;0.3;0.4
000201 Aged SCW  steam/O, 0.2;0.3;0.4 Aged SCW
000330 Milled SCW  steam/O, 0.2;0.3;0.4 Milled SCW
981029 AH air 0.2;0.3;0.4
990615 AH steam/O, 0.2;0.2
990722 AH steam/O, 0.3;0.4
991214 AH steam/O, 0.2;0.3;04 RE
990729 AH steam/O, 0.2,0.3,0.4 2x steam
990706 AH steam/O, 0.2;0.3 2x steam
991005 AH steam/O, 0.2;0.3;0.4 m*Fue]=¢
991123 AH+10%PE  steam/O, 0.2;0.3;0.4
000215 AH+20%PE  steam/O, 0.15;0.25;0.35
991126 AH+10%PS steam/O, 0.2;0.3;0.4
991207 AH+20%PS  steam/O, 0.15;0.25;0.35

The treatment procedure of the results from these experiments will be shown in
the following section using data from experiment 990903. Note that the results presented
refer to gasifier data gathered in the time period in which tar sampling was performed. In

this time interval the reactor is assumed to be in steady-state.
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5.2 Treatment of experimental data

An example of how the data gathered in an experiment is treated will be given in
this section for the experiment 990903, where standard clean wood (SCW) was gasified
with air. The different ER conditions are designated with the roman literals A, B and C
and will henceforth be referred to as “runs”. The run parameters are listed in Table 5.5, as

well as the set-point and achieved ER and the measured bed temperature (Tgqq). The

Table 5.5: Parameters of run 990903.

Parameter 990903A 990903B 990903C
Fuel flow rate [kg/h] 22.402  16.407  11.602
Fuel composition C [wt.-%pFl 50.6 50.6 50.6

H 6.5 6.5 6.5

(0 42.8 42.8 42.8
Fuel humidity [wt.-%] 5.1 5.5 5.5
Fuel ash contents [wt.-%] 0.22 0.30 0.30
Air [kg/h] 24513 24513  24.492
ER achieved [-1 0.19 0.25 0.36
ER set-point [-] 0.2 0.3 0.4
Tpgeq achieved [°C] 708 810 911
Tpgeq €xpected [°C] 700 800 900

achieved ER is slightly below the set-point in all runs. The Ty, attained lies at the upper

end of the envisaged £10°C range from the expected values. The relationship between
Tgeq and ER was established in preliminary experiments. Ty 1s determined by the ener-
gy balance of the system, i.e. by the energy inputs by the fuel and gasification agents, by
the energy generated and consumed by combustion respectively by gasification reactions
and by the energy output in the product gases and by the heat losses of the system. Rough-
ly, when ER is set at 0.2, 0.3 and 0.4 a T4 of roughly 700, 800 and 900°C is attained.

The dry, tar-free (DTF) gas composition measured with the on-line MS is shown
in Table 5.6, and from it the normalised density of the DTF gas may be directly calculated.
Notice that this gas composition is normalised, i.e. the sum of the 7 compounds listed is

always 100%. This normalising procedure was chosen as the gas entering the MS may still

132



Chapter 5: Experimental results

contain water, light hydrocarbons or even tars in unknown amounts. These amounts may
vary according to the operational conditions of the gas cleaning system and would thus
lead to wrong trends in the gas composition if not eliminated by the normalising proce-
dure.

Table 5.6: Measured gas composition of run 990903 in vol.-%pTr and normal density
py of dry, tar-free gas.

Species 990903A  990903B  990903C
N, 50.5 52.8 58.4
CO, 13.9 13.5 14.4
Cco 19.4 19.1 14.7
H, 9.4 8.9 8.1
CHy 6.1 5.2 3.7
Ar 0.8 0.7 0.7
0, 0.0 0.0 0.0
px [kg/m’x pprl 1.211 1.219 1.242

The gas composition for experiment 990903 does roughly follow the expected

pattern of increasing CO, and decreasing CO concentrations with increasing ER. H, and
CH,4 concentrations decrease as expected when the ER increases and more N, is detected

in the product gases as a consequence of the decreasing fuel mass flow generating a small-
er amount of product gases.

The water content of the gas was determined from a balance of the weights of the
tar sampling bottles 1 and 2, assuming that the mass of water deposited in these bottles is
much larger than the mass of tar compounds. The mass balance of the tar sampling bottles
for run 990903 A is shown in Table 5.7. Note the comparatively small loss of solvent also
detected by a balance on the solvent containing bottles.

The total gas volume sampled as well as the pressure and temperature of the sam-
pled gas are noted during tar sampling, enabling the normalised volume of sampled gas
to be calculated. Using the previously calculated normalised gas density of the DTF gas

the water contents can be calculated (see Table 5.8)

133



Chapter 5: Experimental results

Table 5.7: Mass balances of tar sampling bottles for run 990903A.
Bottle Contents ]}aglia Mass of liquid Bottle’s weight [g] Balance
Nr. added [g] before  after lg]
sampling
1 150ml H,O 414.58 149.56  564.14 576.64  +12.5
2 - 320.8 0 320.8 321.95 +1.15
3 150ml DCM 324.7 199.22 52392 4448 -79.12
4 150ml DCM 319.48 197.01 516.49 516.64  +0.15
5 150ml Acetone/MeOH  323.69 120.04  443.73 497.86 +54.13
6  150ml Acetone/MeOH  325.5 120.55 446.05 457.62 +11.57
7 - 334.43 0 33443 33493 +0.5
CT - 163.87 0 163.87 178.68 +14.81
Water accumulated [g] 13.65
Solvent lost [g] 2.04
Solvent lost [% of total mass of solvent used] 0.32

Table 5.8:  Tar sampling details for experiment 990903A. TF: tar-free.
Parameter Units Value
Sampled volume (1] 100.18
Gas temperature [°C] 25.6
Gas pressure [mbar] 984
Normalised sampled volume [Iy] 89.0
Water contents of gas [g/m3N’DTF] 153.4
[Wt.-%DTF] 12.7
[wt.-%TF] 11.2

The tar sampling solutions are analysed on the GC/MSD, yielding the concentra-

tions of individual tar components in the product gas shown in Table 5.9. The tar concen-

tration values are reported as mg tar compound (or tar class or total tar, see below) per

m3N of product gas on a wet, tar-containing basis expressing the conditions at the exit of

the gasifier.
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Table 5.9: Concentrations of tar compounds for run 990903 in mg/m3N.
Tar compound 990903A 990903B 990903C
Benzene 4228 8281 9584
Toluene 2632 2360 328
Ethylbenzene 214 9 1
p&m-Xylene 860 387 10
0-Xylene 202 66 1
Styrene 863 1030 300
3-Ethyltoluene 54 2 0
4-Ethyltoluene 27 1 0
2-Ethyltoluene 23 0 0
Phenol 3348 1590 13
o-Methylstyrene 72 15 1
3&2-Methylstyrene 246 117 7
4-Methylstyrene 117 55 4
2,3-Benzofuran 255 272 8
0-Cresol 1029 52 0
Indene 823 1443 358
p-Cresol 1240 77 0
m-Cresol 1102 159 0
Naphthalene 673 2445 2804
2-Methylnaphthalene 308 368 58
1-Methylnaphthalene 221 251 35
Biphenyl 58 173 137
Acenaphthylene 216 807 874
Acenaphthene 38 33 11
Dibenzofuran 43 153 115
Fluorene 75 307 163
Phenanthrene 101 478 690
Anthracene 50 209 186
Fluoranthene 30 160 308
Pyrene 33 162 288
Benz[a]anthracene 16 74 87
Chrysene 10 56 95
Benz[e]acephenanthrylene 5 24 39
Benzo[Kk]fluoranthene 4 32 53
Benzo[a]pyrene 9 48 79
Perylene 2 6 13
Dibenzo[ah]anthracene 2 6 12
Indeno[1,2,3-cd]|pyrene 5 18 40
Benzo[ghi]|perylene 3 14 34
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From the detailed tar composition the tar characteristics shown in Table 5.10

may be calculated based on the properties of the single compounds. These characteristics

arc:

* the lower heating value (LHV), a measure of the chemical energy contents of the tars,

needed for example in energy balance calculations;

* the elemental composition, necessary in elemental balance determination;

* an average molecular mass (normalised to a molecular formula of the form C;H,Oy),

useful for transformations between mass and volume (or mole) based concentration

data.

Table 5.10: Tar characteristics for run 990903.

Property 990903A 990903B 990903C
Lower heating value [MJ/kg] 37.107 38.906 39.524
Elemental composition C [wt.-%)] 86.7 91.0 92.7
H 7.5 7.2 7.0
Q) 5.8 1.7 0.2
Molecular mass [kg/kmole] 13.854 13.195 12.950

The large number of compounds identified by the tar sampling and analysis

method makes comparison of the gas composition with respect to its tar content difficult.

The tar composition and concentration data has been simplified by:

» calculating the total tar content of a run by summing up the concentrations of all com-

pounds identified;

» ordering the compounds into classes of similar substances and reporting the concen-

trations of these classes. The definition of the nine tar classes used in this study is

shown in Table 5.11.

The resulting simplified tar data for experiment 990903 is shown in Table 5.12.

For all subsequent experiments, only this simplified version of the tar concentrations will

be shown in this chapter, the full data sets can be found in Appendix A: Tar data.
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Table 5.11: Tar classes definition.

Tar class Compounds in class
“Benzene Benzene

1 ring aromatics (1 ring) Toluene, Ethylbenzene, Xylenes, Styrene,
Ethyltoluenes, a-Methylstyrene,
Methylstyrenes

Naphthalene Naphthalene

2 ring aromatics (2 ring) Indene, Methylnaphthalenes, Biphenyl

3 ring aromatics (3 ring) Acenaphthylene, Acenaphthene, Fluorene,
Phenanthrene, Anthracene

4 and 5 ring aromatics (4+ ring) Fluoranthene, Pyrene, Benz[a]anthracene,

Chrysene, Benz[e]acephenanthrylene,
Benzo[k]fluoranthene, Benzo[a]pyrene,
Perylene, Dibenzo[ah]anthracene,
Indeno[1,2,3-cd]pyrene, Benzo[ghi]perylene
Phenol Phenol
Cresols o-, m- and p-Cresol

Oxygen containing heteroaromatics 2,3-Benzofuran, Dibenzofuran
(O-heteroar.)

Table 5.12: Simplified tar composition for experiment 990903.

Concentration of class [mg/m3N] 990903A 990903B 990903C

Benzene 4228 8281 9584
1 ring 5311 4041 652
Naphthalene 673 2445 2804
2 ring 1409 2235 588
3 ring 479 1835 1924
4+ ring 119 601 1048
Phenol 3348 1590 13
Cresols 3371 287 0
O-heteroar. 298 425 123
Total tar concentration [mg/m>y] 19235 21740 16735

The tar composition data shows that the tar composition becomes less complex
1.e. a smaller number of compounds is detected as the ER is increased. This trend is in
good agreement with data reported in the literature, see [5.4] and [5.11]. Also in line with
these reported observations is the decrease of oxygen containing compounds and the in-
crease in the aromatic character of the tars, reflected by the increase in the concentrations

of benzene, naphthalene and the higher ring systems. The total tar concentration does

137



Chapter 5: Experimental results

however not follow the expected decrease trend with increasing ER. A maximum in tar
concentration is observed at ER=0.26. One possible explanation is that during the sam-
pling of tars for run A the sampling train was not tight. The registered gas sample volume
would be higher than the actual gas volume sampled from the reactor, and therefore a too
low tar concentration will result. From this run onward, the output of the tar sampling train
was connected to the on-line MS as a means of identifying leaks during tar sampling. Note
that the water content of the gas calculated will be too low as well.

Both tar and water concentration are expected to decrease gradually with increas-
ing ER. An attempt to test whether a leakage can be detected by interpolating the tar or
water concentration data of the extreme ERs and calculating the data for the intermediate
ER yields inconclusive results. The tar concentration calculated by interpolation would be
lower than the one measured implying that the sample volume measured during the sam-
pling in run B is too small. This is a physical impossibility since the tar sampling train ‘s
pressure is below atmospheric and no leakages of sampled gas out of it are possible. If the
water concentration is taken as basis for interpolation, the result is an even higher tar con-
centration for the intermediate ER. Testing by using the data of the higher ER runs and
extrapolating for the lower ER run leads to similar inconclusive results, and thus the
source of the discrepancies observed in this experiment can not be tracked on basis of
available data.

The composition of the gas exiting the gasifier is calculated taking into account
all of the data related to gas composition of the experiment and the tar/water sampling re-
sults. This composition is shown in Table 5.13 for experiment 990903, and only these fi-
nal values will be reported for the subsequent experiments.

The unusual trends already noticed when the DTF gas composition data was pre-
sented are still visible in the final gas composition data.

This composition data allows for the calculation of the LHV of the gas shown in
Table 5.13, based on the LHVs of its constituents. The LHV is reported on a wet, tar con-
taining basis. Also the gas density required for transformation of volume based data to
mass based data is calculated using this composition data. The LHV decreases as the ER
increases, a consequence of the larger amount of biomass burnt as the supply of oxygen
increases leaving thus less fuel to be converted into gas. Also the dilution by the higher

amount of nitrogen at high ER’s decreases the gas’ calorific power.
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Table 5.13: Gas composition and gas properties for run 990903.

Run 990903A 990903B 990903C | 990903A 990903B 990903C
Gas species Volume fraction, y; p¢ [%0] Mass fraction, w; pg [%]
N, 41.1 44.7 49.7 45.4 48.7 53.1
coO, 11.3 11.4 12.3 19.6 19.5 20.6
co 15.8 16.2 12.5 17.5 17.6 13.3
H, 7.6 7.5 6.9 0.6 0.6 0.5
CH,4 5.0 4.4 3.1 32 2.7 1.9
Ar 0.6 0.6 0.6 1.0 0.9 0.9
0O, 0.0 0.0 0.0 0.0 0.0 0.0
H,0 15.5 11.6 11.9 11.1 8.1 8.2
Tar 3.1 3.7 2.9 1.7 1.9 1.4
LHV [k J/msN] [kJ/kg]
4599 4421 3451 4071 3852 2948
Normalised density [kg/m3N] 1.130 1.148 1171

In parallel to the tar sampling, the amount of solids retained by the cyclone is de-
termined. A clean solids container of known weight is installed at the (lower) cyclone out-
let and the solids collected into it for a known period of time. Before the reactor’s
conditions are changed the container is exchanged and the mass of its contents is deter-
mined. A sample is taken for later analysis of its humidity and carbon content in the lab-
oratory. The humidity is determined by drying part of the sample at 105°C and the carbon
contents is determined by annealing another fraction in an oven in air at 815°C. The re-

sults for experiment 990903 are shown in Table 5.14.

Table 5.14: Solids properties for run 990903.

Solids properties 990903A 990903B 990903C
Solids mass flow [kg/h] 0.514 0.287 0.187
Solids carbon contents [wt.-%] 77.7 48.6 56.1
Solids humidity [wt.-%] 0.9 0.6 1.5

The decrease in solids mass flow reflects the reduction of fuel input to the reactor
at high ERs. The cyclone separation efficiency might decrease somewhat as a lower total

mass flow through the set-up is used at higher ERs, a consequence of the experimental
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procedure employed. On the other hand gas temperatures are higher at high ER, yielding
higher gas volume flow rates. The exact consequence of these two parameters on the cy-
clone separation efficiency is difficult to predict. They have an opposite effect on the gas
velocities in the cyclone, the main parameter influencing the separation efficiency of this
unit. The solids contain less carbon at high ER, indicating a better conversion of the fuel
particles as conditions become more oxidising in the reactor.

It is questionable whether the determined weight loss upon heating to 105°C may
be assigned to water, the solids exiting the reactor at high temperature may certainly be
assumed to be dry. Also, when this property was determined, a strong smell emanated
from the samples, making the presence of tars on the recovered solids evident. An attempt
to quantify these tars by solvent extraction of the solids revealed however only negligible
amounts of tar compounds. The measured humidity is thus not taken into account for fur-
ther calculations, with the exception of some solids samples from steam/oxygen gasifica-
tion experiments in which water probably originating from steam condensing in the
cyclone was observed to deposit in the container. For these easily identifiable samples
(both optically as well as by their high weight loss upon exposure to 105°C), the humidity
is deducted for the carbon contents determination and the solids assumed to be dry when
they exit the reactor. Evidently not all solids are retained by the cyclone. The flame in the
flare always showed a yellow colour indicating the presence of either carbon particles or
gaseous hydrocarbons in the gas. Nevertheless the measured output of solids particles is
used in the balance calculations.

With the data gathered on the streams exiting the set-up and the knowledge of
the amount and composition of the input streams it is possible to calculate mass balances
for the runs of an experiment, assuming that the system is in steady state. The only possi-
bility for the verification of this assumption is to check whether experimental data such
as the bed temperature or the gas composition does not change over a given time span.
During an experiment the most reliable parameter for ascertaining if steady-state is
reached is the bed temperature. The gas composition tends to react slower to changes in
the system as there is a time lag due to the “scanning” of the different sampling ports. Also
I have observed that the bed temperature will change in response to very small fluctua-
tions of the biomass feed rate during the experiment. These fluctuations occur as the top

screw feeder’s reservoir gets empty thus changing the pressure on the fuel at the screw
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level and so its bulk density. Since the screw feeders of the set-up are volumetric devices
the instantaneous feed rate will become lower at this point and the bed temperature will
rise. Inversely, when the reservoir is filled, the instantaneous feed rate increases slightly
and the bed temperature decreases. Figure 5.2 illustrates such bed temperature fluctua-
tions in function of the variation of the mass in the reservoir of the top feeder.

To make certain that the reactor was in steady state, every time the conditions
were changed the reactor was allowed to stabilise for about 30 minutes before sampling
was performed. Note however, that the biomass feed rate could not always be maintained
at exactly the same level. If steady-state can be assumed there are different methods for

the calculation of a mass balance.

Figure 5.2: Bed temperature, fuel weight in feeder and fuel feed rate for beginning of

experiment 990903.
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Mass balances by tracer elements

A straightforward method to determine the mass balance would be to use a given
element as tracer. This means that the input of the chosen element must be known very
accurately. Also the relative amounts (concentrations) of all components exiting the reac-
tor which contain this element must be known. In the set-up used this equates to at least
4 alternatives given the 4 (main) elements present carbon, oxygen, hydrogen and nitrogen.

These alternatives are discussed below.
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Carbon: The only input of carbon is the fuel. The accurate elemental composition of the
fuel was however not determined for every single experiment. Furthermore, not all carbon
containing species leaving the set-up can be properly measured. For example, light hydro-
carbons such as acetylene, ethylene and ethane are known to be present in the gas in con-
centrations of a few volume percent (see [5.11] and [5.12]), but have not been accounted
for. Additionally, fine carbon containing particles might slip through the cyclone. The tars
are another source of errors, especially when using low ERs where probably not all tar
species present in the gas are accounted for by the sampling and analysis method used.

Carbon is therefore inappropriate as a tracer element.

Hydrogen: Hydrogen is not appropriate either when performing air or steam/oxygen gas-
ification since the mass flows present are very small. For air as gasification agent the main
source of hydrogen is the fuel. For steam/oxygen as gasification agent the hydrogen input
by the fuel was at least the same as by the steam, with the exception of those runs where
steam to biomass ratio was deliberately set higher. Figure 5.3 shows the ratio of hydrogen
input by steam to the hydrogen input by the fuel. Since the exact composition of the fuel
is not known and it is the largest source of hydrogen, large errors may arise when using

this element as a tracer.

Figure 5.3: Ratio of hydrogen input mass flows (steam/fuel) for all runs.
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Oxygen: For air gasification experiments oxygen is not suitable as the main source of ox-
ygen is the fuel, see Figure 5.4. In the case of steam/oxygen gasification oxygen is a
slightly better tracer as its input by the gases is generally greater than by the fuel alone and
thus less subject to errors arising from the unknown exact composition of the fuel. Still,
in some experiments the influence of the inaccuracies in the fuel composition will inter-

fere with the mass balance calculations and thus oxygen will not be used as tracer element.

Nitrogen: Nitrogen is at first sight an ideal tracer candidate. It might be looked at as an
inert component, which simply passes the system without reacting. Oxidation reactions
are not likely to occur, as the temperature in the gasification experiments is low (<1000°C)
and the environment in the reactor is strongly reducing. Research on the fate of fuel bound
nitrogen [5.13] shows, that the main product of this nitrogen is ammonia (NH3) and that
in the gasification of wood concentrations in the order of some 1000 ppm ammonia may

be expected.

Figure 5.4: Ratio of oxygen input mass flows (gases/fuel) for all runs.
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In the beginning of my experimentation, emphasis was on air gasification and the
mass balance was calculated using nitrogen as tracer element. The main source of nitro-
gen in air gasification experiments is the air input to the reactor, measured accurately by

the air mass flow controller.
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This method has however a serious drawback when gasification experiments
with steam/oxygen mixtures are to be analysed: the nitrogen input is only via the fuel-
bound nitrogen and therefore extremely small and subject to the uncertainties arising from
the lack of knowledge on the exact fuel composition. An opportunity for overcoming this
difficulty is to replace some of the oxygen by air, allowing for higher nitrogen input to the
reactor. The amount of air had however to be very small to avoid masking the effects of
the steam/oxygen environment. To achieve this, the air mass flow controller will be oper-
ating below the optimum range of 20 to 80% of the maximum flow. Hence the precision
of the measurement of the air mass flow will be poor. The result is that an incorrect or
rather uncertain nitrogen input to the reactor will be used in the calculations, yielding poor
mass balances. Also, errors may be expected in the gas composition measurement (see

page 32) due to the presence of comparatively high concentrations of C, hydrocarbons as
the N, concentration will be small.

Since the choice of not using nitrogen as tracer element was made after several
steam/oxygen experiments had already been done, the small air input of ca. 1kg/h was
kept for all subsequent experiments to yield experiments with as comparable conditions

as possible.

“Total” mass balances

The alternative to the tracer element method is establishing a total mass balance
for the whole system, see Figure 5.5. This simple method was chosen for the present the-
sis as the use of tracer elements is not satisfactory (see above). It includes only the as-
sumption that at a given time in steady-state the total mass flow of inputs to the reactor is

equal to the total mass flow of outputs of the reactor. The overall balance equation is:

mTotal, input: mTotal, output where (53)
mTotal, input = Mpyel T mGaszﬁcation agents + my, to feeders and (54)
Mrotal, output = Mproduct gas T Mgolids + M 41 losses (5'5)

The mass flows of all the streams entering the system are known. The mass

flows of the product gases 7ip,, .,/ gas @nd of the argon losses in the feeding system,

M 4, 1osses AT€ unknown.
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Figure 5.5: Balance boundaries.
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The solution for the above mentioned problem is to start by establishing the mass
balance for the reactor alone on an argon-free basis. This calculation can be carried out as
argon is an inert component in the reaction system studied. If the argon-free mass flow of
gases exiting the reactor is known, the mass flow of argon in the output can be calculated
using the known amount of argon in the product gas. Finally, as argon is an inert compo-
nent, the argon input to the reactor is equal to the output. By using the mass balance for

the feeding system the argon losses may be calculated. The mass balance for the reactor is:

or (5.6)

Mrotal input to reactor = Mrotal output from reactor

(5.7)

Mpuet ¥ M gr 1 reactor from feeders T MGasification agents — MProduct gas T MSolids
The input mass flow of gasification agents will always consist at least partially

of air (see page 144) and is given by:

(5.8)

mGasification agents - mSteam + mOxygen + mAir
The quantities on the right hand side of Equation 5.8 are all (directly or indirectly) meas-

ured during the experiment.
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Table 5.15: Composition and normal density of air [5.14].

Volume .
) . Mass fraction
Component i fraction o
Viair [70] Wiair [70]
N, 78.1 75.5
0, 20.9 23.1
Ar 1.0 1.3
px [kg/my] 1.298

Using the air composition data given in Table 5.15, the amount of the compo-

nents N,, O, and Ar in air can be calculated yielding:

mGasiﬁcation agents - mSteam T mOxygen t mNz,Air t mOZ,Air + mAr,Air (59)

The product gas mass flow may also be written as the sum of its components yielding:
Mproduct gas = N, PG T co, p6 T co, e M, pc T tcn, p6 T pc - (5:10)
o, p6 T M,0,PG T Mar, PG

where the subscript PG stands for “in product gas”. The argon-free balance over the reac-

tor is given by:

with (5.11)

Mpeactor input, Ar-free = Mpeactor output, Ar-free

Mpeactor input, Ar-free = Mpyel + Msteam + mOxygen + mOQ, Air + mNz, Air and with (5'12)

Mpeactor output, Ar-free = Mpyroduct gas, Ar-free + Mgolids where (513)

mPrOduct gas, Ar-free = zmi,PG WithizNz, CO2, CO, Hz, CH4, 02, Hzo, Tar (514)
i

and finally
m; pg = Wi,Ar-free, PG Mproduct gas, Ar-free or

mi, PG ~ Wi, Ar-free, PG~ [mFuel + Mteam + mOxygen + mOQ, Air + mNz, Air mSOlids](s'IS)
The term in parenthesis is calculated using the measured mass flows. The argon-
free mass fractions of the compounds in the gas w; 4, 4., p; are obtained from the meas-

ured gas composition according to Equation 5.16 and the argon-free mass balances of the

reactor are calculated as shown for experiment 990903 in Table 5.16.

_ _Wiprc s
Wi,A}"-f}’ee,PG = T Wlth i#Ar (516)
Ar, PG
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Table 5.16: Argon-free reactor mass balances for experiment 990903. Stream mass

flows in [kg/h].

Input streams 990903A  990903B  990903C

Fuel 22.402 16.407 11.602

Air total 24.513 24.513 24.492
N, by air 18.512 18.513 18.497
O, by air 5.673 5.673 5.668

Total input argon-free 46.587 40.593 35.767

Output streams

Solids 0.514 0.287 0.187

Total gases argon-free 46.073 40.306 35.580

Gas components N, 21.130 19.796 19.061
CO, 9.128 7.936 7.389
CcO 8.133 7.151 4.794
H, 0.282 0.239 0.192
CHy 1.467 1.114 0.690
0, 0 0 0
H,0 5.141 3.299 2.942
Tar 0.792 0.770 0.513

Total output argon- 46.587 40.593 35.767

free

Using the measured composition of the product gas, the output mass flow of ar-
gon is calculated. Since argon is an inert component, the mass flow of argon entering the

reactor (from the feeders and by air) equals the flow at the exit:

Wur, PG

Mygr. PG = Mproduct gas, Ar-free 1 = Myrto reactor from feeders + M gy, Air (517)

War, PG

A balance over the feeding system yields:

My to feeders + MEyer = My to reactor from feeders T MEyel + M4y 1osses OF (518)

(5.19)

My to feeders = My 0 reactor from feeders * Mgy losses
finally providing the argon losses from the feeders. The complete mass balances of exper-

iment 990903 are shown in Table 5.17.
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Table 5.17: Mass balances for experiment 990903. Stream mass flows in [kg/h].

Input streams 990903A 990903B  990903C
Fuel 22.402 16.407 11.602
Air 24.513 24.513 24.492
Argon to feeders 0.304 0.304 0.304
Total input 47.218 41.224 36.398
Output streams
Solids 0.514 0.287 0.187
Argon losses 0.183 0.279 0.295
Total product gas 46.521 40.658 35.916
Product gas components N, 21.130 19.796 19.061
CO, 9.128 7.936 7.389
CcO 8.133 7.151 4.794
H, 0.282 0.239 0.192
CH,4 1.467 1.114 0.690
Ar 0.448 0.352 0.337
0, 0 0 0
H,0 5.141 3.299 2.942
Tar 0.792 0.770 0.513
Total output 47.218 41.224 36.398

Once all the mass flows have been determined the elemental balances can be es-
tablished. The detailed calculations are shown in Table 5.18 for the single runs of exper-
iment 990903.

From these balances a large deficit of the elements carbon and hydrogen is seen
in the reactor output. This deficit decreases as the ER is increased. The oxygen balance is
within reasonable limits +10% for a set-up of the size used here and taking into consider-
ation that the main source of oxygen is the fuel and that the contents of this element in the
fuel is not known precisely. The nitrogen mass flow out of the set-up is clearly over-esti-
mated, possibly from measurement errors due to overlapping intensities in the on-line
MS. The argon balance is always perfect, as required by the calculations. In further data
presentation only a simplified version of the elemental balance will be shown, excluding
the elemental mass flows per stream and the argon balance which is always closed due to

the calculation procedure.
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The lack of carbon and hydrogen may be explained by C,-hydrocarbons in the

gas not detected with the on-line MS. In an attempt to estimate the concentration of these
hydrocarbons the balances for experiment 990903 have been modified to allow for the

presence of compounds with a formula C,H,. The reason for this peculiar formulation is,
that all three C, isomers are known to be present in the effluents of wood gasifiers but data

on the relative amounts of these hydrocarbons for specific conditions is inconclusive. The

main C,-hydrocarbon present according to literature data is C,Hy. The modification to the

balance calculations consists in setting up and solving the equations for the carbon and

hydrogen balances, yielding the composition (C,H 7 ) and mass flow of C, hydrocarbons.

The results of this correction are shown in Tables 5.19 and 5.20, the argon balance being

omitted in the latter as it is always 100%.

Table 5.19: Corrected gas composition for run 990903.

Run 990903A 990903B 990903C | 990903A 990903B 990903C
Gas species Volume fraction, y; p¢ [%0] Mass fraction, w; pi [%]
N, 38.1 43.4 49.1 42.0 47.1 52.3
CO, 10.5 11.1 12.1 18.2 18.9 20.3
CcO 14.7 15.7 12.3 16.2 17.0 13.2
H, 7.1 7.3 6.8 0.6 0.6 0.5
CH,4 4.6 4.3 3.1 29 2.6 1.9
Ar 0.6 0.5 0.6 0.9 0.8 0.9
0, 0.0 0.0 0.0 0.0 0.0 0.0
H,0 14.4 11.2 11.8 10.2 7.8 8.1
Tar 29 3.6 29 1.6 1.8 1.4
C,Hy 7.2 3.0 1.3 7.5 33 1.4
Z [mole] 2.32 3.88 3.12

The above correction calculations show clearly, that small amounts of C,-hydro-
carbons in the gas have a dramatic influence on the closure of the carbon and hydrogen
elemental balances. These compounds should be added to the on-line gas analysis method

for any future experimental activities at PSI’s gasification test rig.
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The concentrations calculated by this correction lie well within the reported

range for C,-hydrocarbons with the exception of run 990903 A where too high concentra-

tions are predicted. The value of the composition parameter Z in this particular run (2.32)
indicates that other carbon containing species must be involved if the carbon balance is to
be closed and the concentration of light hydrocarbons in the gas is to stay within reason-
able levels.

Another possibility to account for lacking carbon in the balances is a higher sol-
ids flux out of the reactor than is measured by the solids sampling procedure. This higher
output could explain the low Z value of run 990903 A.

An interesting feature of this correction procedure is, that it has a positive influ-
ence on the balances of both oxygen and nitrogen, allowing them to stay within the limits
I regard as legitimate (£10%) for the set-up used.

As neither the C, hydrocarbons nor the missing carbon in the solids can be prop-

erly assessed during the experiments, the data will be treated without these values and er-
rors in the carbon or hydrogen mass balances will not further be corrected for.

Using the gas flow rates displayed in Table 5.17 the energy output from the re-
actor may be calculated. With the lower heating value of the tars, of the gas and of the fuel
and the corresponding flow rates the energy flows can be determined and the cold gas ef-

ficiency (ncg), the ratio of the lower heating value of the fuel to the lower heating value

of the gas (a measure of the conversion efficiency of the energy from the fuel into the gas-
es) can be calculated. Similarly the ratio of energy contained in the tars to that of the fuel

Nrars May be calculated. Both The values are shown in Table 5.21.

Table 5.21: Energy flows for experiment 990903

Run 990903A 990903B  990903C
Fuel power [kW] 111.83 81.52 57.64
Gas power [kW] 51.67 42.66 28.98
Tars power [KW] 8.16 8.32 5.64
NcG [%] 46.2 52.3 50.3
NTars [%] 7.3 9.8 10.2

Two interesting points may be read from the above data. First, against the expec-

tation that more energy should be transferred to the gases at low ERs (less biomass is be-
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ing burnt) the cold gas efficiency of run 990903 A lies well below that of the other runs in
this experiment. This trend is however in agreement with literature data [5.16]. Second,
the energy transferred from the fuel to the tars seems to increase with increasing ER. Less
tars are found in the gas but their constitution (see Table 5.10), especially the oxygen con-
tents drops as ER increases, resulting in a higher calorific power of the tars. The latter ef-
fect seems to dominate over the former.

The gas and tar yields (Y, and Yr,.s) may finally be calculated using the data

from the mass balances. To allow comparison with data from experiments using steam/
oxygen as gasification agent the gas yield is calculated on a dry, inert-free basis. The val-

ues are shown in Table 5.22

Table 5.22: Specific gas and tar flow rates for experiment 990903.

Yields 990903A 990903B 990903C
YGas [MNGas DIF/KEFuel,pAF] 0.983 1.191 1.340
YTars [8Tar/K8Fuel,DAFI 37.34 49.83 46.97

The gas yield increases as the ER is increased following the trends reported in
the literature [5.15], [5.16]. The tar yield data follows the same trend and is in accordance
to [5.16]. The results presented in [5.15] show considerable scatter for air gasification and
no clear trend can be seen there.

Throughout the presentation and discussion of the results of experiment 990903
shortcomings in the behaviour of the reactor when going from low to high ER become ap-
parent. As this is the first data set presented in this thesis, the discussion was carried out
for the complete three runs, illustrating the wealth and complexity of data generated by
the experiments. The data from run 990903 A will however be used for further compari-
son, even though the reactor probably was not in steady-state. A comparison of the gas
composition evolution at the top and lower sampling port shown in Figure 5.6 illustrates
this circumstance. The transients observed in the gas concentrations at the lower sampling
location during run A might be attributed to a change in the reaction regime. Note how
the ER changed from ca. 0.16-0.17 to 0.185-0.19 shortly before sampling period A. It is
likely, that this change in ER had a large effect on the production of solid carbon. From
thermodynamic calculations it is known, that a limit in ER exists below which solid car-

bon is formed. This solid carbon might accumulate in the bed and might react with any of
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the oxidising gases present. O,, the most reactive oxidising species, is probably totally
consumed shortly after entering the bed, leaving CO, and H,O as possible reaction part-
ners for the solid carbon accumulated in the bed. The products CO and H, would result,

explaining the gas composition evolution observed. Notice also, that the gas composition
evolution is quite steady at the top sampling point and differs strongly from the one ob-
served in the lower sampling point. Apparently further reactions are taking place in the

freeboard of the reactor.

Figure 5.6: Gas composition evolution at top and lower gas sampling point for
experiment 990903 (N,, O,, and Ar deliberately omitted).

——CO top CO lower —CO2 top
—CO2 lower —H2 top ——H2 lower
—— CH4 top CH4 lower ——ERExp
25 , 0.40
] Run A Run B Run C -
] L L L I
] I I I I [ I |
—20 v Ly i i 1035
5 | | \ I I | I I
< | ) o A
- E | | 1 F
215 - i . - 0.30
: 7 | | | | : : :
o) ] | | | I | | 14
‘.I-U. 4 | | | | | | L 11}
£10 ¢ \ o L0 L 10.25
) 7 | | r
o 4 | | |
c 4 | | | | |
S . s " | } !
54 | oy e, | I + 0.20
= “ﬂ:}.{,
1 — L ; I
. é ER—p L L L —
0o —E=L | S S B [os

10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Time [hh:mm]

The differences between top and lower sampling point continue throughout the

experiment. During run B the concentration of CO and CH,4 becomes almost identical for

both sampling points. As the ER is further increased the differences for CO are reversed
and a higher concentration is detected at the lower sampling point. Apparently, oxidative

reactions are occurring in the freeboard lowering both CO and H, concentrations as the
gases travel along this part of the reactor.

The data gathered in this experiment is summarised in Table 5.23. The data for

all further experiments is given in Appendix B: Experimental data in the same form to en-
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hance its readability. Note that the DAF fuel composition is not included in these tables
as the values used for the calculations are always those reported in Tables 2.7, 2.8 and 2.10
on pages 38, 40 and 42 of Chapter 2. In addition to the already presented data the steam
to fuel ratio is included in the summary table, as it is an important parameter for gasifica-
tion with steam/oxygen. Further discussion on specific points of other experiments will

be made in the next Chapter.
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Table 5.23: Summary of data for experiment 990903.

Fuel: SCW Gasification agent: Air

Run 990903A 990903B 990903C
Input

Fuel [kg/h] 22.402 16.407 11.602
WH20 Fuel  [Mass-%oraw] 5.1 5.5 5.5
W Ash,Fuel [mass-%R ] 0.22 0.30 0.30
LHVgyq [kJ/kgRraw] 17.971 17.886 17.886
Air [kg/h] 24.513 24.513 24.492
Oxygen [kg/h] 0 0 0
Steam [kg/h] 0 0 0
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.19 0.25 0.36
S/F [ke/kgpyel DAF] 0.05 0.06 0.06
TRed [°C] 708 810 911
Trg [°C] 700 800 900
Output

Solids [kg/h] 0.514 0.287 0.187
W Solids [mass-%R 4] 77.7 48.6 56.1
WH20,Solids ~ [Mass-%oray] 0.9 0.6 1.5
Argon loss  [kg/h] 0.183 0.279 0.295
Gas + Tars  [kg/h] 46.521 40.658 35.916
Gas composition y; pg [vol.-%]

N, 41.1 44.7 49.7
CcoO, 11.3 11.4 12.3
CO 15.8 16.2 12.5
H, 7.6 7.5 6.9
CHy4 5.0 4.4 3.1
Ar 0.6 0.6 0.6
H,0 15.5 11.6 11.9
Tars 3.1 3.7 2.9
PN [kg/m3N] 1.130 1.148 1.171
Y Gas [m3N,DIF /KEFuel. DAF] 0.983 1.191 1.340
LHVgas [kJ/m3N] 4599 4421 3451
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Table 5.23: Summary of data for experiment 990903.

Fuel: SCW Gasification agent: Air
Run 990903A 990903B 990903C

Crar class [mg/ m3N]

Benzene 4228 8281 9584
1 ring 5311 4041 652
Naphthalene 673 2445 2804
2 ring 1409 2235 588
3 ring 479 1835 1924
4+ ring 119 601 1048
Phenol 3348 1590 13
Cresols 3371 287 0
O-heteroar. 298 425 123
Cars Total [mg/m3N] 19235 21740 16735
Y 1ar [g/kgFyel DAF] 37.34 49.83 46.97
LHV 1y [kJ/kg] 37.107 38.906 39.524
My, [kg/kmol] 13.854 13.195 12.950
Tar elemental composition [mass-%]

C 86.7 91.0 92.7
H 7.5 7.2 7.0
O 5.8 1.7 0.2
NcG [%] 46.2 52.4 50.3
NTars [%] 7.3 10.2 9.8
Balances [%]

C 76.0 88.2 93.4
H 85.9 85.9 94.0
O 100.8 94.8 98.3
N 114.1 106.9 103.0
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6 DISCUSSION

6.1 Reproducibility of results

To judge differences observed in the results with respect to their origin, i.e. if the
effects observed are meaningful and may be assigned to alterations of parameters from ex-
periment to experiment or if they are just experimental errors, an estimation of these errors
must be first made. From a series of experiments using the same fuel and performed under
(almost) identical conditions, it is possible to estimate the margin of errors in the results.

The results discussed in this chapter will focus on gas and tar composition dif-
ferences observed when fuels or operational conditions are changed. Therefore, the gas
and tar composition results of experiments involving Altholz (AH) and steam/oxygen as
gasification agent performed at standard conditions, i.e. the results from experiments
991615, 990722 and 991214, will be discussed with respect to their reproducibility. In

these experiments very similar operating conditions were achieved using the same fuel.
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Some explanation is needed as not all runs in the experiments 990615 and
990722 will be used. In experiment 990615 it was planned to run through all three ERs.
From run A to run B a different batch of Altholz had to be used, and it was decided to keep
the run conditions constant to obtain data showing the reproducibility of the results with
two different batches of AH. During the tar sampling of run 990722A leaks were ob-
served. As the water content of the gas is measured in parallel to the tar sampling it is also
incorrect and so the gas composition data cannot be used. The data from run 990722 A had
consequently to be discarded. In experiment 991214 all 3 ER conditions could be success-

fully be completed.

6.1.1 Gas composition
The temperatures obtained at the different ER set-points for these experiments
are shown in Table 6.1. This data reveals that the discussion of data may be made for ei-

ther ER or bed temperature as they are equivalent.

Table 6.1: Equivalence ratio and bed temperature for experiments with AH and steam/

oxygen.

Run ER Tgeq [°Cl
990615A 0.2 732
991214A 0.21 732
990615B 0.21 734
991214B 0.29 832
990722B 0.3 828
991214C 0.37 922
990722C 0.39 923

The gas composition for all runs using AH as fuel with steam/oxygen as gasifi-
cation agent is shown in Figure 6.1 as a function of the equivalence ratio. Even though the
temperatures and ERs of the partial runs in these experiments are almost identical, rela-

tively large scatter is observed in the concentrations of the main reaction products CO,,
CO and H,. The concentrations of all other gas compounds exhibit small scatter with the

exception of argon. The scatter in the argon concentration may be explained by the very
small argon concentrations measured. The average gas composition, the standard devia-

tions and the ratio of both, the relative standard deviation are shown in Table 6.2.
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Figure 6.1: Gas composition for experiments with AH and steam/oxygen.
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Table 6.2: Average ER, bed temperature and gas composition [vol.-%], absolute
(STDEV) and relative standard deviations (RSD) [%].

Averages STDEYV [%] RSD [%]
ER set-point [-] 0.2 0.3 0.4 0.2 0.3 0.4 0.2 0.3 0.4
ER [-] 021 030 0.38 0.0 0.01 0.02 1.7 3.2 4.3
Tgeq [°C] 733 830 923 1.4 2.8 022 0.2 0.3 0.0
N, 4.4 4.1 3.7 04 0.04 0.02 8.6 1.0 0.6
CO, 177 19.5 20.6 2.0 3.1 26 11.5 156 127
CO 159 144 10.6 3.8 4.8 3.6/ 239 330 335
H, 11.0 11.1 122 2.2 23 03] 202 21.0 2.7
CH,4 5.1 4.3 3.4 0.2 0.2 0.2 4.5 40 43
Ar 0.4 0.5 0.6 0.1 0.3 03| 189 557 533
H,O0 41.6 42.6 458 0.6 0.2 1.3 1.3 0.3 2.8
Tars 3.9 33 3.1 0.2 0.3 0.2 4.7 10.1 7.6

The absolute standard deviations do not seem to follow a trend in function of the
ER. The differences are better shown by the use of the relative standard deviation. The

variations in the CO, CO, and H, concentrations could be attributed to various factors,

such as differences in the fuel composition, not being in steady-state during the sampling

period of the experiments and imprecisions in the gas composition measurement.
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The on-line MS is calibrated before every experiment to ensure accurate meas-

urement of the gas composition. The scatter in the concentrations of CH4 and N, is small
and comparable to the scatter of H,O and tars which are measured by a different method,

independent of the on-line MS. From the above considerations it seems that the data from
the on-line MS is correct.

The RSD of raw gas composition data gathered in function of time during these
experiments lies in the order of 5 to 7%. This small RSD indicates that the reactor was
delivering gas of constant quality over the sampling periods. The RSD of the bed temper-
atures for these experiments is below 0.5%, another indication that the reactor was oper-
ating under stationary conditions. The hypothesis that the reactor was not operating in
steady state can therefore be rejected.

A trend can be observed for certain points in the gas composition data of
Figure 6.1, marked by vertical dotted lines, all issued form the same experiment, 991214.
Notice how for comparable ER the CO concentrations are higher and at the same time

CO, and H, concentrations are lower for this particular set of measurements.

The scatter of the data and the trend mentioned above may be explained by the
presence of catalytically active substances in the Altholz. For example the metals Fe, Ni,
Cr, Cu or Zn, known to be present in this fuel, are catalysts for reactions altering the gas
composition as well as tar decomposition reactions, see Table 6.3, [6.1] - [6.6]. Especially
the homogeneous water-gas shift reaction seems to exert a different influence on the gas
composition issued form experiments using diverse batches of AH. The amount of the cat-
alysts is certainly going to vary in a wide range for this very inhomogeneous fuel. These
changes in the amounts of active species could well explain the observed scatter in the gas

composition issued from AH gasification in air.

Table 6.3:  Gas phase reactions catalysed in biomass gasification.

Reaction Catalysts
Homogeneous water-gas shift

CO+ H20 - C02 + H2 Fe, Cr, Cu, Zn
Hydrocarbon reforming

CH4 + HzO —>CO+3 Hz Nl, Fe, CaCO3/MgCO3
CnHm +n H20 —->nCO + (n+m/2) H2

Cracking Ni, Fe, CaCO3/MgCO;
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The above assumption is sustained by the observation that the scatter of the sums

of the concentrations of CO and CO, and of CO and H,, shown in Figure 6.2 on a dry,

inert-free basis, are smaller than the scatter of the concentrations of the individual gas

components. The smaller scatter of the sum [CO]+[CO,] compared to the sum [CO]+[H,]

further suggests, that not only the homogeneous water-gas shift reaction, but also hetero-

geneous reactions such as the Boudouard reaction (C5) + CO, — 2 CO) or the steam gas-
ification of carbon (C) + HO — CO + H,) are affected by the catalytically active

substances present in the Altholz.

Figure 6.2: Relative standard deviation of CO, CO, and H, concentrations and of the
sums [CO]+[CO,] and [CO]+[H,].
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These catalysts also seem to have an influence on the amount of tars produced as
Figure 6.3 shows. The total tar concentration is higher for those experiments where the
reverse water-gas shift reaction (CO, + H, — CO + H,0) is observed to increase CO and
to decrease the CO, and H, concentrations. The differences are however very small and
might be attributed to errors in the complicated tar measurement procedure. This effect is

taken as no more than a hint and will be neglected in further discussion.
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Figure 6.3: Total tar concentration for experiments involving AH and steam/oxygen.
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A fuel with more homogeneous composition should have been used for deter-
mining the scatter in the experimental data. This was intended by the use of SCW, but not
enough data could be gathered with this fuel to allow a discussion of the dispersion of the
data. Discussion of gas composition data, especially from AH runs, must therefore be
made with caution, allowing for relatively large deviations such as shown in Table 6.2.

Notice however, that even with the large scatter in the AH data, trends may still
be clearly read from it. In particular, notice how the trend lines shown in Figure 6.1 un-

doubtedly indicate the dependence between CO, CO, and H, concentrations as a function
of ER (or Tgyq) for this fuel. As T4 or ER are raised, CO is seen to decrease, reacting
probably with H,O yielding the observed larger concentrations of CO, and H,. Again, the

homogeneous water-gas shift reaction CO + H,O — CO, + H, could account for these

transformations.

6.1.2 Tar composition

The concentrations of single tar species for the runs involving AH and steam/ox-
ygen are shown in Figures 6.4, 6.5 and 6.6. These charts show how well comparable the
tar composition and the concentrations of individual species is in different runs. The re-

sults are consistent for the different tar compounds and for all the ERs studied. Tar com-
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position and concentration data may therefore be well compared between runs, and only

little allowance must be made for errors in this data.

Tar species concentrations for AH gasification with steam/oxygen at

ER=0.2.

Figure 6.4
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Tar species concentrations for AH gasification with steam oxygen at

ER=0.3.

Figure 6.5
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Figure 6.6: Tar species concentrations for AH gasification with steam/oxygen at
ER=0.4.
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A dramatic change in the composition of the tars is observed in these charts as

ER is increased. At ER = 0.2 (or Tg.q = 730°C) the tars are a complex mixture of aromatic

and small amounts of polycyclic aromatic compounds (benzene making 25% of the tars
by mass, naphthalene 5.1%, indene 4.9%, acenaphthylene 1.7% and phenanthrene 1.4%),
alkylated aromatic compounds (toluene 13.6%, styrene 5.3% and xylenes 5.2%) and phe-
nolic compounds (phenol 15.1%, cresols 11.1%).

At ER = 0.3 (or Tgeq = 830°C) the composition becomes less complex with larg-
er amounts of aromatic and polycyclic aromatic compounds (benzene 42.9%, naphthalene
14.7%, indene 5.2%, acenaphthylene 4.4% and phenanthrene 3.9%). The concentrations
of alkylated aromatic compounds decrease strongly (toluene 9.6%, styrene 3.7% and xy-
lenes 1.4%). The cresols disappear completely and only small amounts of phenol (1.6%)
are detected.

At ER = 0.4 (or Tgegq = 920°C) the tars are composed almost exclusively of ben-
zene (60% of the tars by mass), naphthalene (17%) and of the 3 and 4 ringed polycyclic
aromatic hydrocarbons phenanthrene (4.7%), acenaphthylene (4.7%), fluoranthene

(2.2%), pyrene (2.0%) and anthracene (0.8%). Of the alkylated aromatic compounds only
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small amounts of toluene (1.2%) and styrene (1%) subsist and phenol disappears almost
completely (0.04%) at this ER.

Since the composition is almost identical for all runs discussed here, the data
might be averaged to allow clearer recognition of trends. The evolution of the average of
the tar classes (see page 136) for these Altholz steam/oxygen experiments with the ER is

shown in Figure 6.7 illustrating the trends discussed above.

Figure 6.7: Averaged evolution of tar classes with ER for AH gasification in steam/
oxygen. Benzene on left abscissa, all other classes on right abscissa!l
Dashed lines designate alkylated aromatic compounds.
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6.2 Influence of fuels

6.2.1 Standard clean wood (SCW) and Altholz (AH) in air

The data from experiments 990903 (SCW/air) and 991029 (AH/air) show that
for the same ER the thermal behaviour of both fuels is similar, yielding comparable gas-
ification temperatures as shown in Figure 6.8. The heating values of both fuels being very
close, 18.22 and 17.94 MJ/kg respectively for AH and SCW, explains this behaviour. As

in the preceding section a discussion of the variations in function of ER or Tg.q is there-

fore equivalent.
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Figure 6.8: Bed temperatures and fuel input power for SCW and AH in air.
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Figure 6.9: Gas composition evolution at top and lower gas sampling point for
experiment 981029 (N,, O,, and Ar deliberately omitted).
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The gas composition evolution for experiment 990903 has been presented and
discussed previously (see Figure 5.6 on page 154). The gas composition evolution for ex-

periment 981029 is shown in Figure 6.9.
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This plot shows that the gas composition is influenced in a stronger manner by
the instantaneous fuel feed rate in the case of AH, yielding concentration evolution lines
with a more “jiggy” pattern than was the case with SCW. Still, the reactor conditions were
more stable during the measurements as can be deduced from this gas composition evo-
lution plot. Also, the differences observed between top and lower gas sampling point for
run 990903 A (see Figure 5.6 on page 154) are absent in the low ER part of the experiment
with AH. As with SCW the differences between top and lower sampling point persist
throughout the experiment but are less marked. Again a reversal of differences is observed

for CO as the ER is raised to around 0.4 (or Tgeq to ca. 946°C). This reversal could be
attributed to the reverse Boudouard reaction (2CO — CO, + Cy)) also explaining the raise

in CO, concentration observed between both sampling points.

Figure 6.10: Dry gas composition (main reaction products, N, deliberately omitted) for

SCW and AH in air.
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The concentration of the main gas compounds on a dry basis for these two fuels
as a function of ER is shown in Figure 6.10. The product gas for SCW exhibits lower CO,
and higher concentrations of all other compounds than that of AH. The differences be-

tween the two fuels are however quite small.
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The dry gas composition for both fuels lies in the range reported in the literature
for atmospheric, bubbling fluidised bed gasification of wood, as shown in Figure 6.11.

CH, and H, concentrations seem to lie at the lower end of the results reported.

Figure 6.11: Comparison of gas composition with literature data (open symbols, [6.7],

[6.8], [6.9]).
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The trends of the gas composition, decreasing CO, H, and CH4 and increasing
CO, with increasing ER, are in agreement with those reported in the literature. Notice,
that ER and Tg.q4 have distinct influences on gas composition. If ER is kept constant and
Tgeq 18 increased, H, and CO concentrations are seen to increase, CO, will decrease and
CH,4 will not change [6.9]. This distinct influence is of interest in a real (autothermal) gas-

ifier since higher bed temperatures may be achieved by for example lowering the fuel hu-
midity by drying or improving the thermal insulation of the reactor. As a result a gas with
higher CO and H, concentrations and of higher calorific value is obtained. However dry-
ing of the fuel requires energy and a compromise will have to be made between gas quality
and drying requirements, as the energy for drying will have to be derived from the fuel

used.
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Even though differences in concentrations of the main gas compounds are noted
when the two fuels are gasified, these are small compared to the scatter not only in the
present study but also in literature data. Both fuels yield a gas with comparable composi-
tion when gasified in air.

The gas composition for the thermodynamic equilibrium at the same temperature
as the single runs has been calculated and the results are shown in Figure 6.12. The cal-
culations have been performed using the NASA computation code described in [6.10].
This program calculates the equilibrium by minimising the total free enthalpy of a system
with given chemical composition. This allows for the fuel to be replaced in the calcula-
tions by its composing elements C, H, and O. For the lowest ER in both fuels, the equilib-
rium computations yield a small fraction of solid carbon as product, 4.2 and 3.6 mol-% of
the total products for SCW and AH respectively. The plots clearly show that the reactor
was operating far from equilibrium at all experiments with both fuels. This situation has

already been observed by other research groups (e.g [6.11]). The measured CO,, H,0,
CH, and tar concentrations are higher than those predicted by the calculations. Tars are

not predicted by the thermodynamic calculation and only minor amounts of methane are

forecasted at the lowest ER. CO and H, are found in lower concentration than would be

expected from thermodynamics. In relation to the thermodynamic equilibrium both fuels
behave similarly.

In an attempt to understand the origin of the deviations from thermodynamic
equilibrium, the measured gas composition has been recalculated with the premise that
tars and methane would be steam reformed, yielding a gas with the same methane and tar
content as predicted by the thermodynamical equilibrium calculations. The result of this
procedure is also shown in Figure 6.12 as “reformed” gas composition. The resulting gas
composition is closer to that predicted by the equilibrium calculations. The differences are

smaller for SCW and decrease for both fuels when ER is increased.
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Figure 6.12: Gas composition for air gasification runs (measured, thermodynamical equilibrium and “reformed”).
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Chapter 6: Discussion

Notice also, that H, concentrations could be brought to better agreement be-
tween theory and experiment if more H,O would be converted using CO, but the disagree-
ment in the concentration of the latter compound would be even worse. Apparently,
reducing components are missing in the gas composition. These are probably the light hy-

drocarbons not identified by the gas measurement method.

The gas yield for both fuels in air is shown in Figure 6.13, along with data found
in the literature [6.7],[6.9], [6.12] and [6.13].

Figure 6.13: Gas yields for SCW and AH gasification in air and literature data.
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Both fuels essentially yield the same gas volumes when gasified in air. The ob-
served increase in gas yield with increasing ER is in agreement with the literature data.
The values in the present study are somewhat higher than the data published.

When gasifying SCW the tar concentration in the gas is clearly higher than when
AH is used, as shown in Figure 6.14. The lower tar concentrations are definitely an ad-
vantage when gasifying AH in air. For AH the total tar concentration decline as ER is in-
creased as expected. For SCW a maximum is observed at ER = 0.25. The low tar
concentration for SCW at ER 0.18 seems unexpectedly low as a continuous increase in tar

concentration is expected as ER is lowered (e.g. [6.9], [6.14]).
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Figure 6.14: Total tar concentration for SCW and AH gasification in air.
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The evolution of the tar classes in function of the ER is shown in Figures 6.15,

6.16 and 6.17.

Figure 6.15: Tar classes (major aromatics) evolution for AH and SCW gasification in

air.
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Figure 6.16: Tar classes (oxygenates) evolution for AH and SCW gasification in air.
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Figure 6.17: Tar classes (minor aromatics) evolution for AH and SCW in air.
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For AH, benzene concentrations increase steadily with ER. Naphthalene and the
largest aromatic compounds increase up to ER = 0.3 and seem to stabilise at higher ER.

For this fuel the 3 ring compounds exhibit a maximum at the intermediate ER. All other
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classes have decreasing concentrations as ER increases and phenolic compounds virtually
disappear as ER is increased over 0.3.

For SCW the concentrations of all the tar classes are higher at ER > 0.25, with
the exception of 1 ring aromatics. At high ER the concentration of this class is virtually
identical for both fuels. The classes Benzene, 1 ring, Naphthalene, Phenols and Cresols
follow similar trends in function of the ER as for AH. For the ER range 0.25 - 0.38 the
evolution of the tar classes is as expected (see Chapter 3) not only for SCW but also for
AH.

For SCW all aromatic compounds but the 1 ring class show a marked decrease
at ER < 0.25. Their concentrations are approximately the same for both fuels at this low
ER. For phenol and cresols on the other hand the concentrations at ER = 0.2 are signifi-
cantly higher in the case of SCW. A possibility for the explanation of these trends is that
the tars issued from SCW gasification at low ER are composed of only partially converted
pyrolysis products, i.e. they are secondary tars (see page 66). Indeed the reactor was op-
erating under transient conditions as this measurement was performed (see page 153).
These secondary tars are not quantified by the GC/MSD method employed, and thus the
measured total tar concentration is lower than the actual concentration in the gas. As a
matter of fact the qualitative or scan chromatograms of the samples issued form the low
ER runs show a large number of relatively small peaks. The mass spectra corresponding
to the apexes of these small peaks have been compared to a mass spectral database. This
comparison reveals the presence of a large number of substances such as alkylated aro-
matics (various isomers of methyl, ethyl, ethenyl, ethinyl, propyl and propenyl substituted
benzenes but also naphthalenes, phenanthrenes, anthracenes and larger PAHs), alkylated
phenols and dihydroxybenzenes, hydroxy-PAHs, PAH isomers not present in the quanti-
fication method and also nitrogen containing species such as pyridine. The individual
peaks are very small, indicating that these unquantified tar species are present only in low
concentrations. Their number is especially high in the samples issued from low ER runs
and decreases as ER is increased.

An estimation of the fraction of the tar compounds identified by the GC/MSD
method was made using the tar analysis results of these air gasification runs. For this es-
timation the quantitative or scan chromatograms (see page 111) were used. The estimation

was made by computing the sum of the areas of peaks in the scan chormatogram which

178



Chapter 6: Discussion

correspond to substances identified by the quantification method. Then the ratio of this
sum to the total area of peaks present in the chromatogram, including identified and un-
known substances, is calculated. This area ratio is assumed to be roughly proportional to
the mass ratio of identified to total tar compounds. The area ratios have been calculated
only for the samples 3, 4, OE ad HT Ac of the above runs as these samples are known to
contain the main mass fraction (>95%) of the compounds identified. The mass of tar com-
pounds identified in a sample is assumed to be proportional to the total mass of tars (iden-
tified and unknown) deposited in this sample. The area ratios are multiplied with the mass
fractions of tar compounds found in each sample. This multiplication allows to take into
account the distribution of tar compounds in the sampling train. Finally the products ob-
tained for each sample (area ratio x mass fraction of identified tars in sample) are added
to yield the mass fraction of tars identified. It is thus assumed that the fraction of uniden-
tified compounds in the sample will be proportional to the total mass of tars deposited in

this sample. The results of this computation are shown in Figure 6.18.

Figure 6.18: Estimated mass fraction of tars identified versus ER for SCW and AH
gasification in air.
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In [6.15] a similar estimation was made for air gasification of sawdust in an ER
range of 0.22 to 0.32 and a temperature range of 700 to 900°C. The fraction of tars iden-
tified by the method used in this reference was 70 to 90% of the total tars present in the
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samples collected. The trend described in function of the ER was the same as in the
present study: an increase in the fraction identified with increasing ER. The present results
for ER > 0.25 agree well with this literature data. The results for lower ER are however
lower than those reported in the named reference and seem to fall out of the trend observed
for higher ERs in the present study. The conclusion is, that the low tar amount observed
when gasifying both fuels at low ER is due to the presence of large amounts of partially
converted pyrolysis products or secondary tars. These secondary tars are not quantified by
the tar measurement procedure used in the present study. This is a serious limitation of the
tar analysis method used when low ERs are to be studied. The number of species present
in these low ER tars is very high. An analysis method which would allow the exact quan-
tification of such a high number of compounds requires analytical and manpower capa-
bilities which were not available for the present study. As the method was designed a
choice was made with respect to what compounds should be quantified or not. The results
show, that these are the major tar constituents even at low ER, and therefore the goal pur-
sued with the measurement method has been achieved. Furthermore to lower the total tar
content in the gas most gasifiers are operated at high temperatures. The tars generated by
high temperature gasification are accurately quantified by the employed method.

Even with the limitation of the tar analysis method the trends observed for the tar
composition in function of the ER agree with the results found in the literature ([6.14],
[6.15]). It is noteworthy, that the authors of [6.15] also report a decrease of the tar concen-
tration as temperature is lowered below 750°C at a constant ER of 0.22. These results
point out how complex the nature of the tar conversion reactions is. They are influenced
by both, temperature and ER in similar but not identical manner.

If the tar content measured in the gas is corrected using the estimated fractions
of tars identified, the evolution of tar concentrations shown in Figure 6.19 is obtained. The
concentrations are higher especially for the low ERs, but still the AH is seen to yield lower

tar concentrations.
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Figure 6.19: Corrected total tar concentrations versus ER for air gasification of SCW
and AH.
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Figure 6.20 presents a comparison of the detailed tar composition for SCW with
data from reference [6.12] where pine sawdust was gasified with air in a pressurised bub-

bling fluidised bed.

Figure 6.20: Comparison of SCW detailed tar data with literature data [6.12].
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This literature data must be compared to the results from SCW gasification at
high ER, as the temperature in this reported experiment was 900°C. The concentrations
of individual compounds detected in the present study are lower than the literature data.
In agreement with data reported in [6.12], the total tar concentrations drop as temperature
(in the present case equivalent to ER!) increases. In contrast to this reference is the rising
benzene concentration detected with an increase in temperature/ER in the present study
and also reported by other authors ([6.14], [6.15]). The data from [6.12] does cover a high-
er range of temperatures than was possible to study with the installation used in the
present study. Also, as stated before, this data was measured under pressure (4 bar), which
according to [6.16] should lower the tar amount in the gases. This discrepancy can have a
number of origins from diverse tar sampling methods used (in [6.16]) to different fuels or
reactor conditions and will not be further commented here as no experiments under pres-
sure could be carried out in the plant used in the present study. The method used in the

present study is quite comparable to that in reference [6.12], as is the fuel. The total tar

concentration reported in [6.12], 19556mg/m3N, lies in between those measured in the

present study at comparable conditions, 21740 and 1673 5mg/m3N for ER =0.25 and 0.36

respectively.

A comparison of the tar composition issued from both fuels is shown in Figures
6.21, 6.22 and 6.23. The tars issued from the two fuels are quite diverse. At low ER the
tars from SCW have a higher content of phenolic compounds and all other tar classes are
lower in this fuel than in the tars of AH. At the intermediate ER SCW exhibits lower ben-
zene content but the phenolic compounds are present in higher fractions than in AH. At
high ER the benzene content in the tars of SCW is lower, but the fraction of PAHs is higher
than in AH.
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Figure 6.21: Normalised tar composition of SCW and AH gasification in air at low ER.
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Figure 6.22: Tar composition of SCW and AH gasification in air at intermediate ER.
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Figure 6.23: Tar composition of SCW and AH gasification in air at high ER.
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The tar composition is clearly affected by the type of fuel gasified. Also the total
tar amount is lowered when AH is gasified. These effects may be attributed to the metals
present in AH. It is noteworthy that even though the AH has been pre-treated and that this
pre-treatment procedure largely removed metal particles from the fuel, the bed was al-
ways found to contain molten or sintered metal particles after an AH experiment. The
composition of these particles was not studied. The particles were however found to be
magnetic, indicating the presence of iron, a metal which might catalyse several important
reactions in gasification and especially reforming and cracking reactions which in turn

could explain the lower tar amount observed.
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6.2.2 SCW/AH in steam/oxygen
The bed temperatures for both fuels in the case of steam/oxygen as gasification
agent are almost identical for the same ER, and therefore discussion with respect to these

parameters is equivalent, see Table 6.4.

Table 6.4: ER and bed temperatures for SCW and AH (averaged values) gasification
in steam/oxygen.
AH SCW
ER [] Tgea [°Cl  ER[] Tgea [°Cl
0.21 733 0.20 707
0.30 830 0.30 841
0.38 923 0.40 932

The gas composition evolution for the experiments with AH as fuel are shown in
Figures 6.24 to 6.26. The corresponding plot for the experiment involving SCW is given
in Figure 6.27.

Figure 6.24: Gas composition evolution for experiment 990615: AH gasified in steam/
oxygen (N, and Ar deliberately omitted, dry, tar-free basis).
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Figure 6.25: Gas composition evolution for experiment 990722: AH gasified in steam/
oxygen (N,, O, and Ar deliberately omitted, dry, tar-free basis. data for run

A discarded.).
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Figure 6.26: Gas composition evolution for experiment 991214: AH gasified in steam/
oxygen (N,, O, and Ar deliberately omitted, dry, tar-free basis).
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Figure 6.27: Gas composition evolution for experiment 000125: SCW gasified in steam/
oxygen (N, O, and Ar deliberately omitted).
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These plots show some interesting differences between top and bottom sampling
point. In those runs, where the ER was below 0.2 and the reactor temperature around
700°C, differences between the concentrations of the carbon containing species CO, CO,
and CHy as well as small differences in the H, concentrations are observed between the
top and the lower sampling point. These are especially large in the experiment where
SCW is gasified (experiment 000125, Figure 6.27).

The CO, concentration is higher in the lower zone of the reactor and the other

gases show higher concentrations at the top of the installation. A hypothesis to explain this
behaviour is that, under the strongly reductive conditions in these runs, the concentration
of hydrocarbons and tars in the gas is high. CO, could react with these species yielding
CO, smaller hydrocarbons and H,. This hypothesis could only be confirmed if tar and hy-
drocarbons concentrations had been measured at the lower sampling point. Some experi-
mental evidence however supports this hypothesis. The tar filter of the lower gas sampling
port exhibited a darker colour and tended to plug faster than the similar filter at the top gas

sampling point indicating that higher tar concentrations are present in this part of the re-
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actor. From this observation we can conclude that reactions reducing the tar concentration
(and possibly influencing its composition) occur in the reactor’s freeboard.

At the intermediate ER setting, no notable differences are seen in the gas com-
position measured at both locations.

At high ER, where the temperature of the freeboard was around 900°C, a marked

increase in H, concentration is observed as the gas travels along the reactor for the runs

991214C and 000125C. The increase in hydrogen could be assigned to reactions involv-
ing the unconverted char elutriated from the bed and water vapour. To test this hypothesis,
measurements of the carbon load of the gases at different levels of the reactor would be
necessary and have unfortunately not been performed in the current study. In run 990722C

the H, concentration is seen to decrease as the gas travels through the reactor. This situa-

tion could be explained by the presence of substances inhibiting the heterogeneous reac-
tions in the fuel used for this particular run.

These effects on the gas concentration as a function of the height of the reactor
clearly show that reactions involving the unconverted chars elutriated from the bed occur
in the freeboard of the installation and that these reactions have an important influence on
the gas composition at the exit of the reactor.

The evolution of the gas composition as a function of ER obtained when gasify-
ing AH and SCW in steam/oxygen is shown in Figure 6.28. The main gas components are
seen to follow the same trends in function of the ER for both fuels. Differences in gas
composition for the two fuels are however more evident than when using air as gasifica-

tion agent. At all ERs studied, the AH shows lower CO and higher CO, and H, concen-

trations. This effect could be explained by the homogeneous water-gas shift reaction
(CO + H,0O — CO, + H,) being catalysed by compounds present in the AH fuel. A large
number of metals is known to be present in this fuel (even if in small amounts) and these
could account for this effect (see page 164). As was the case with air as gasification agent

CHy4 concentrations in the gas are higher when SCW is used as fuel, but differences are

smaller when steam/oxygen is used as gasification agent.
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Figure 6.28: Concentration of main reaction products for SCW and AH gasification in

steam/oxygen.
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A comparison of the obtained gas composition with literature data [6.17] is
shown in Table 6.5.
Table 6.5: Comparison of gas composition [vol.-% dry, nitrogen-free gas] with

literature data [6.17] for steam/oxygen gasification. S/B: steam to biomass
ratio [kg/kgpar]-

thgl;i;ure (aVI:I'}:ge) SCW

min. max.
ER [-] 024 051] 021 030 038| 020 030 040
S/B 048 1.11| 039 054 0.67| 037 0.53 0.67
CO, 144 363 | 33.0 37.0 413| 23.0 29.6 359
(6(0) 425 52.0| 29.7 274 213 | 459 405 346
H, 13.8 31.7| 206 21.1 244 | 131 139 153
CH, 60 75| 95 82 68| 104 82 638
C,H, 2.5 3.6 not measured not measured
H,0 [vol.% wet gas] 38 61 | 43.6 445 46.1 | 443 439 49.1
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This data, obtained in an atmospheric bubbling fluidised bed using pine sawdust,
a fuel comparable to SCW, reveals that the SCW results lie well in the range reported with
the exception of CH, which is higher in the present study. Also the H, concentration

measured in the present study lies at the lower end of the range reported.

AH on the other hand clearly shows lower CO and higher CO, concentrations
than the literature data and the CH4 and H, concentrations within the range reported.

A comparison of the measured data with the gas composition from thermody-
namic equilibrium calculations and a “reformed” gas composition (see page 173) is de-
picted in Figure 6.29.

As was the case for air gasification the reactor does not deliver a gas with a com-
position close to the thermodynamic equilibrium. This situation is already documented in
the literature [6.18]. In contrast to the similar calculations for air as gasification agent, no
solid carbon is predicted for the low ER set-points by the calculations for neither fuel. A
small concentration of CHy, 1s however still forecasted by the calculations for these con-
ditions.

For SCW CO, concentrations are almost identical and CO concentrations only

slightly smaller than those predicted by the equilibrium calculations, the latter becoming

smaller as ER (or Tgyq) 1s increased. Large differences are seen in the H, and H,O con-

centrations. The former is too low and the later too high in the experiments. As for air gas-

ification, no CH4 above ER = 0.3 or tars at all ERs are predicted by the equilibrium
computations. “Reforming” of the CH, and tars still leaves large differences for ER <0.3.

At high ER however the reformed and equilibrium gas composition is almost identical for
SCW.
The data for AH exhibits larger CO, concentrations than calculated for the ther-

modynamic equilibrium at all ERs. Both CO and H, are lower in the experimental data
and again H,O concentrations largely exceeding the thermodynamic predictions are ob-

served. Notice how the difference in the concentrations between measurement and equi-
librium forecast of CO and CO, is smaller in the data marked with an * when compared
to data at the same ER from other runs. This marked data corresponds to the results from
experiment 991214. “Reforming” of the gas for AH does bring the gas composition closer

to the equilibrium, but differences are still substantial.
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Figure 6.29: Measured, thermodynamical equilibrium and “reformed” gas composition
for steam/oxygen gasification experiments with SCW and AH.
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The gas yield of the experiments with AH and SCW in steam/oxygen is shown
in Figure 6.30, compared to data published in the literature [6.19].

Figure 6.30: Gas yield for AH and SCW gasification in steam/oxygen.
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The gas volume yielded by the gasification of SCW in steam/oxygen is slightly
lower than that of AH. Both fuels produce gas amounts comparable to literature data, and
the observed increase of gas yield with ER in the present study further agrees with the re-
sults published in [6.19].

The tar yield data from the present study is somewhat higher than that reported
in the literature, see Table 6.6. This difference is certainly due to diverse tar sampling and
analysis methods and should not be regarded as significant. Only trends should be com-
pared with literature data as it is known that diverging tar sampling and analysis methods
yield incompatible quantitative results. The decrease of tar concentration observed in the
present experiments does follow the trends described in the literature. When ER is in-
creased the steam to biomass ratio (S/B) is also increased due to the experimental proce-

dure employed. Both parameters influence the tar concentration (see [6.17]) and by
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increasing either parameter a decrease in tar concentration results, as observed in the

present study.

Table 6.6: Comparison of tar yields with literature data [6.17] for steam/oxygen
gasification. S/B: steam to biomass ratio.

th(ei;i;ure (av?rlzge) SCW

min. max.
ER [-] 0.24 0.51f 021 030 038 020 030 0.40
S/B [kg/kg Fuelp Al 0.48 1.11| 039 0.54 0.67| 037 053 0.67
Tar yield [g/kg Fuelp gl 2.2 46| 41.5 396 422 413 488 475

The total tar concentration measured in these steam/oxygen experiments is

shown in Figure 6.31.

Figure 6.31: Total tar concentration for SCW and AH gasification in steam/oxygen.
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AtER > 0.3, SCW yields larger tar concentrations than AH. At low ER the meas-
ured total tar concentrations for both fuels seem to be almost identical. As was the case in
air gasification, at low ER the SCW data clearly lies below what would be expected from
the trend observed at higher ER for this fuel or from the trend observed for AH in steam/

oxygen. In addition to the reasons for the same deviation observed in the case of air as
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gasification agent, an effect of the steam on the concentration of the less stable tar com-
pounds (reforming reactions) could account for the lower tar concentrations observed for
SCW at low ER. As reported in [6.17], the tar composition is affected when steam/oxygen
is used as gasification agent.

The tar composition evolution is shown in Figures 6.32 to 6.34 in function of the
ER. The tar classes are altered in approximately identical manner for both fuels as ER is
increased. The concentrations of individual classes are slightly higher for SCW, with the
exception of benzene at ER = 0.2. The measured concentration of this compound for SCW
is lower than for AH. Phenols disappear from the gas issued from both fuels at ER > 0.3.
As with air as gasification agent, benzene concentrations as well as those of unsubstituted
aromatic compounds are seen to increase with rising ER for both fuels. The 3 ringed aro-
matics seem again to exhibit a maximum in concentration for AH at ER = 0.3. An excep-

tion to this increase are the 2 ringed aromatics, which decrease with increasing ER.

Figure 6.32: Tar evolution (major aromatics) for SCW and AH gasification in steam/

oxygen.
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Figure 6.33: Tar classes (oxygenates) evolution for AH and SCW in steam/oxygen.
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Figure 6.34: Tar classes (minor aromatics) evolution for AH and SCW in steam/oxygen.
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From the above data it is not possible to confirm the influence of steam on spe-

cific tar compounds to explain the low total tar concentration observed for SCW at low

ER. Only the benzene concentration is remarkably low for SCW and clearly lies out of the
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trend observed for this fuel at higher ER. No diverging trends in function of the ER are
observed for other compounds in the tars for SCW gasification in steam/oxygen. The ex-
planation for the observed low total tar concentration at low ER for SCW might be that
either the benzene concentration measured is incorrect and too low, or that under these
specific conditions other tar compounds not detected by the method used here make up a
significant amount of the tars.

As in the case of air gasification, an estimation of the fraction of the tar com-
pounds identified by the GC/MSD method was made and the results of this computation

are shown in Figure 6.35.

Figure 6.35: Estimated mass fraction of tars identified versus ER for SCW and AH
gasification in steam/oxygen and in air.
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The trend of the fraction of tar identified with the ER is similar to the one ob-
tained in air gasification for both fuels at ER > 0.3. At ER = 0.2 however a larger fraction
of the tars is correctly quantified for AH in steam/oxygen. This difference suggests, that
the conversion of secondary tars produced at ER = 0.2 to tars identifiable by the tar meas-
urement method used in the present study is dependent on the presence of steam and on
the type of fuel. The chemistry involved in the reduction of tars when AH is used, both in

air and in steam/oxygen, could therefore be a reforming type of reaction, which may be
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catalysed by the metals present in this fuel and absent in SCW. The presence or absence
of these catalysts may explain the differences in the fraction of tars identified between the
two fuels in the case of steam/oxygen as gasification agent.

The resulting corrected total tar concentrations are shown in Figure 6.36. Even
with the higher tar concentrations issued from this correction, AH is seen to still yield low-
er tar concentrations than SCW when gasified in steam/oxygen at all ERs. As stated be-
fore for the case of air gasification this lower tar concentration is an advantage when this

fuel is used.

Figure 6.36: Measured and corrected total tar concentrations for AH and SCW
gasification in steam/oxygen.
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A comparison of the detailed tar composition issued of these two fuels in steam/

oxygen for the different ERs is given in Figures 6.37 to 6.39.

197



Chapter 6: Discussion

Figure 6.37: Normalised tar composition for steam/oxygen gasification of SCW and AH

at ER=0.2.
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Figure 6.38: Normalised tar composition for steam/oxygen gasification of SCW and AH

at ER=0.3.
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Figure 6.39: Normalised tar composition for steam/oxygen gasification of SCW and AH

at ER=0.4.
70
OSCW ER=0.40
60 OAH ER=0.37
§ BAH ER=0.39
‘;’ —
(V2]
£ 50
4
8
5 40 -
2
=
T
g 30
("o
o
§20-
=
Q
o
%10
0 1 [ 1 1 [ T 1 ‘ ‘ ‘
Benzene 1ring Naphthalene 2ring 3 ring 4+ ring Phenol Cresols O-heteroar.
Tar class

For ER = 0.3 and ER = 0.4 the tars issued from both fuels are almost identical.

At ER = 0.2 however, the tars from SCW display a larger amount of phenolic compounds

than AH. This difference is another indicator that the tars issued from SCW in steam/ox-

ygen gasification are of a more secondary nature than those from AH, as already seen in

the estimation of the tar fraction identified by GC/MSD. This means that in comparison

to the tars issued from AH gasification in this medium, the tars of SCW are composed to

a larger extent of partially converted pyrolysis products. At the same ER the benzene

amount in the tars of SCW is smaller than for AH. This observation leads to the hypoth-

esis, that the conversion of the secondary tars observed when AH is gasified in steam/ox-

ygen leads to the formation of benzene. This hypothesis is further sustained by the

increasing amount of benzene in the tars observed as ER is increased for either fuel or gas-

ification agent.
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6.2.3 Altholz and Altholz+Polyethylene in steam/oxygen

The results from the AH experiments presented in last sub-section will be com-
pared to the results of experiments 991123 and 000215 where mixtures of 10 and 20% by
weight of polyethylene (PE) with Altholz were gasified in steam/oxygen. The bed tem-

peratures for these experiments are shown in Figure 6.40.

Figure 6.40: Bed temperatures for AH+PE runs.
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The experiment using the 10% PE mixture was performed as the first experiment
with plastics blends and the standard ER set-points were applied. The bed temperature
measured during this particular experiment was markedly higher than when AH was gas-
ified alone. At the highest ER set-point the reactor was operating above its maximal tem-
perature of 1000°C, but fortunately no damage to the reactor resulted. It was therefore
decided, that for the experiment where the 20% PE mixture would be gasified, lower ER
set-points would be used to avoid too high temperatures in the reactor. The experiment
where the 20% PE mixture was used again show temperatures comparable to the AH ex-
periments but clearly diverging from those of the 10% PE mixture.

The deviation in the temperatures cannot be explained by the higher LHV of the

PE mixtures. By selecting an ER and the same oxygen input via the gasification agent, the
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total energy input to the reactor by the fuel and thus the heat released by combustion is
fixed. As Figure 6.41 shows, the fuel input power for the PE mixtures and the AH were

practically the same at comparable ER set-points.

Figure 6.41: Fuel input power as a function of ER for AH, AH+PE and AH+PS
experiments at fixed oxygen input.
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The (theoretical) energy released by combustion of the fuel is obtained by mul-
tiplying the total fuel energy input (in kW) by the ER (= fraction of fuel burnt). For all
experiments in this study (with the exception of those at constant fuel input) ca. 21.5kW
have been released by combustion. An analysis of further reactor data reveals no differ-
ences in operational set-points between the runs with AH and with the PE mixture.

Another hypothesis to explain the differences in the reactor temperature is a di-
verse thermochemistry of the PE mixtures in gasification. PE pyrolysis is known to yield
a variety of alkanes and alkenes (see section 3.2.2). These carbohydrates could undergo
steam reforming reactions, known to be endothermic. For example in [6.21] a heat of re-
action of +151kJ/mol is given for the steam reforming of a CH, group according to
-CH,- + H,O — CO + 2H,. This steam reforming of hydrocarbons should yield higher

CO and H, concentrations in the gas of the PE mixtures. However the experimental data

(see later in this chapter) does not support this hypothesis, as CO concentrations are al-
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most identical and H, concentrations even lower when the results of AH/PE mixtures gas-

ification are compared to those of AH gasification.

The reason for the observed temperature deviation remains unclear. Further dis-
cussion of the results will be made using the ER as in the previous sections. Bear however
in mind that the temperatures for the AH experiments and those of the 10% PE experiment
are not the same.

The evolution of the gas components as a function of the ER is shown in
Figure 6.42. The gas components are seen to follow the same trends in function of the ER

for all three fuels: CO and CH,4 decrease, H, and CO, increase as ER is raised.

The deviations of the concentrations of CO and CO, as PE is added to AH lie in
the range of the scatter observed when gasifying only AH. A raise in the PE content of the
fuel increases the CO concentration but does only slightly decreases the CO, concentra-
tion in the range of PE mixture levels studied.

For the 10% mixture at low ER, the H, concentration is comparable to that re-
sulting from the gasification of AH. At higher ER more H, is present in the gas for this
10% PE fuel. Raising the PE fraction in the fuel clearly lowers the H, concentration. This
decrease could be due to an increase in the fraction of light hydrocarbons in the gas. Un-
fortunately these species were not monitored in the present study to confirm this hypoth-
esis.

CH,4 concentration is raised slightly by PE admixture. The difference does how-
ever diminish as ER is raised. The amount of PE added has only a small influence on the
CH,4 concentration in the range of PE mixture levels studied.

In [6.22] results of the gasification of pine wood/PE mixtures in an allothermal
atmospheric fluidised bed are presented. These authors report an increase in H, and a de-
crease in the concentration of hydrocarbons as the temperature is raised. These findings
agree with the data of this study. No influence of the temperature was detected by this re-
search group on the concentrations of CO or CO,, possibly reflecting the lack of oxygen
in the gasification agent used in this reference. The concentrations of H,, CO and CO, dis-

played in this reference (on a dry, inert-free basis) do differ from those measured here, see

Table 6.7.
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Table 6.7: Comparison of dry, inert-free gas data for AH+PE runs with literature data.

Data from [6.22] Present Study

PE fraction in fuel [%] 20 10 20
ER [-] 0 0.20 - 0.39 0.15-0.34
Temperature [°C] 730 - 880 796 - 1038 670 - 901
CO, [vol-%pyFl 10-11 29 -37 25-35
CO  [vol-%pl 29-30 18-29 30 - 40
H, [vol.-%prl 36-53 19 -32 11-15
CH; [vol.-%upyFl 9-12 7-12 10 - 14
C,H, [vol-%pFl 3-10 not measured

CO, and H, concentrations are lower in the present study but CO and CH, are

higher for the same PE amount in the fuel.

As for previously presented fuel/gasification agent combinations, thermodynam-
ical equilibrium computations have been carried out. The results of this calculation are
shown in Figure 6.43.

For the lowest ER/Tg.4q combination in the experiments (0.15 and 670°C) the

thermodynamic equilibrium products contain a large fraction of solid carbon (11.2 mol-
% of the total products). Again large differences are observed between measurement and
equilibrium composition. Reforming of CH, and tars does not yield much better agree-
ment between theory and measurement, suggesting the presence of further carbon and hy-
drogen containing species.

This hypothesis is further sustained by the poor elemental balance for C and H
in the experiments 991123 and 000215, see Tables B.12 and B.13 in Appendix B. From
the results of pyrolysis experiments with polyethylene (see page 71), a large fraction of
the polymer is expected to convert to C, and C; hydrocarbons. Also from the data of
[6.22] an amount of hydrocarbons in the same order of magnitude as CH,4 can be expected
to be present in the gases of the AH+PE mixtures.

In [6.7] the results of air gasification of a wood wastes and mixtures thereof with
10% polyethylene have been reported. The concentration of the above hydrocarbons is

larger when the polymers are present, see Table 6.8, further sustaining this hypothesis.
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Chapter 6: Discussion

Table 6.8: Hydrocarbons concentration ranges in air gasification of wood and wood/
plastics mixtures [6.7].

Fuel Wood wastes \Ykoi)go;::;)s]tzes
ER [-] 0.27-0.33 0.31-0.32
Temperature [°C] 743 - 857 740 - 843
CHy [vol.-%, dry] 34-42 35-4.6
C,H, [vol.-%, dry] 1.3-1.6 1.9-3.1
C,Hg [vol.-%, dry] 0.1-0.2 02-03
C;Hg [vol.-%, dry] 0.1-0.2 03-0.5

The gas yields for the experiments involving AH+PE mixtures are shown in

Figure 6.44. The addition of PE has only a small effect on the gas yields when compared

to AH. For the lower mixture level of 10% the gas yield is seen to decrease a little at low

ER. Remember however, that no hydrocarbons could be measured, and that these are

known to exist in the gas in a level of a few %. The gas yields could therefore be higher

for the AH+PE mixtures than reported here.

Figure 6.44: Gas yields for AH and AH+PE gasification in steam/oxygen.
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Chapter 6: Discussion

The tar concentration evolution with ER for the PE experiments is shown in
Figure 6.45. The total tar concentrations in the gas from the gasification of PE mixtures
is higher than for the gasification of AH alone. At high ER (and low PE level) the tar con-
centrations do however become identical. The amount of PE added to the AH does influ-
ence the tar concentration. At the higher PE level a higher tar concentration is observed.
It is interesting to note that the results obtained for the 10% PE mixture were determined
in runs where the temperatures were higher than in the runs with either the “pure” AH or
the 20% PE mixture. The effect of the temperature seems to be smaller than the effect
caused by changes in the ER or by the amount of plastics mixed into the AH. Again, at
low ERs, the total tar concentrations evolution for the AH+PE mixtures is seen to remain

constant or even to fall below the levels for higher ER.

Figure 6.45: Measured tar concentrations in function of ER for AH and AH+PE

experiments.
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The previously described estimation of the fraction of tars identified by the GC/
MSD (see page 178 for details) has also been performed for these AH+PE runs and the
results are shown in Figure 6.46. The evolution of the fraction of tar identified is similar

for all three fuels. At high ERs the presence of PE has no influence on the fraction of tars

207



Chapter 6: Discussion

identified. At low ERs the presence of PE does reduce somewhat the amount of unknown

compounds in the tars.

Figure 6.46: Fraction of tars identified by GC/MSD for AH and AH+PE runs in function

of ER.
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Figure 6.47: Corrected total tar concentration evolution with ER for AH and AH+PE

runs.
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Chapter 6: Discussion

When the total tar concentration is corrected with the fractions of the estimation
of the amount of identified tars, the concentration evolution shown in Figure 6.47 is ob-
tained. The curve for the 20% PE mixture is observed to still level off at the lowest ER
studied. This could be explained by an even larger fraction of unidentified tars than is es-
timated by the procedure used, meaning that the true tar concentration for this specific run
is probably even higher than reported here.

The evolution of the tar classes concentrations with the ER is shown in Figures
6.48 and 6.49. A marked increase in the benzene concentrations is observed when PE is
added to AH. The amount of benzene increases with increasing PE fraction in the fuel.
For both mixture levels the benzene concentrations exhibit a maximum, around ER 0.25-
0.3. When the ER is raised to 0.4, the benzene concentration for the 10% mixture drops
to the same level as for AH.

At 10% mixture level, the 1 ring aromatics are not affected by the addition of PE.
Adding 20% PE to AH does however increase the concentration of these compounds. The
evolution as a function of ER is similar for all three fuels.

Naphthalene is also increased by the addition of PE. Again the curves exhibit a
maximum around ER 0.25-0.3. The amount of PE added does not seem to greatly influ-
ence the increase in the naphthalene concentration. As with benzene the naphthalene con-
centration falls to the same level observed for AH alone at ER = 0.4.

The concentrations of 2 ring aromatics are almost not altered by the addition of
PE at ER > 0.3. At ER 0.2 - 0.25 both PE mixtures yield larger concentrations of this tar
class, and the increase seems to be dependent on the PE amount in the fuel. For the 20%
PE mixture, the 2 ring aromatics decrease at ER = 0.15 below the level measured for ER

= (.25, again suggesting the presence of a maximum in concentration of this tar class.
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Chapter 6: Discussion

Figure 6.48: Evolution of Benzene, 1 ring, naphthalene and 2 ring classes with ER for AH and AH+PE gasification.
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Chapter 6: Discussion

The concentration of phenol and cresols is lowered by the addition of PE in com-
parison to AH at the same ER. For all three fuels phenol virtually disappears above ER =
0.3. The reduction in the phenols is stronger for larger PE amounts. The level of PE in the
fuel has the same influence in the decrease of cresols concentration and for the 20% PE
fuel, cresols disappear from the gas at lower ER than was the case for AH alone.

The concentrations of the 3 and 4+ring tar classes are both increased by the ad-
dition of PE. The level of PE added to the AH has no influence on the increase of the con-
centrations of these tar classes. The behaviour of the 3 ring class in function of the ER is
similar for all three fuels, exhibiting a maximum around ER = 0.3. For the 10% PE fuel,
this tar class reaches the same concentration as AH alone at ER = 0.4. A maximum is also
observed in the 4+ ring tar class for the 10% PE fuel. The data of the 20% PE experiments
does not show a maximum, but data at higher ER is missing for this fuel. At high ER, the
concentration of the 4+ ring class is somewhat higher for the 10% PE mixture than for
AH.

The concentration of O-heteroaromatics is slightly decreased in relation to AH
by the addition of PE at high ERs and the amount of PE added has only minor influence
in this decrease. At low ERs the concentrations of this tar class for all three fuels is the
same.

The tar composition for the AH+PE runs is shown in Figures 6.50 to 6.53. The
AH data has been averaged for clarity. The 20%PE results at ER = 0.15 show an increase
in both benzene and 1 ringed aromatics. All other tar classes are present in lower amounts
in the tars from the 20%PE fuel when compared to the lowest ER data for AH.

At ER 0.2-0.24, the strongest relative influence of the addition of PE on the tars
is on benzene. Benzene concentrations in the tars increase strongly compared to AH al-
most doubling for the 20% PE mixture. The increase in naphthalene concentrations is also
about twofold for both mixture levels.The larger PAHs are also increased by PE addition.
The 2 ringed aromatics are almost not affected and 1 ringed aromatics decrease at low ER
when PE is added to the fuel. The phenolic compounds are strongly reduced by the addi-
tion of PE at comparable ER.These differences are seen to depend on the amount of PE

added.
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Figure 6.50: Normalised tar composition for AH at ER = 0.2 and AH+20%PE at ER =
0.15
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Figure 6.51: Normalised tar composition for AH and AH+PE at 0.2 < ER <0.24.
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At ER 0.3-0.34, the amount of benzene in the tars is seen to increase by the ad-
dition of PE. 1 and 2 ringed aromatics are decreased and so are the phenolic compounds
as PE is added. The influence on the amounts of naphthalene and the 3 ringed PAHs is

moderate but the larger PAHs (4+ rings) are seen to increase in the tars. Again the differ-
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ences are dependent on the amount of PE added, but the influence of the PE mixture level

is less pronounced.

Figure 6.52: Normalised tar composition for AH and AH+PE at 0.3 < ER < 0.34.
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Figure 6.53: Normalised tar composition for AH and AH+PE at ER 0.4.
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Chapter 6: Discussion

At high ER the tar composition is almost not affected by the addition of PE. The
tar composition issued from the 20% PE mixture gasified at ER = 0.34 is almost identical
to that of the experiments with AH and 10% PE at higher ER.

When the data from the runs at comparable temperature instead of comparable
ER is plotted together as in Figures 6.54 to 6.55, the differences in the tar composition
become smaller, especially at high temperatures.

The differences observed in the tar compositions at comparable ER therefore re-
flect the influence of the different gasification temperatures in the AH and AH+PE exper-
iments. Both parameters influence the tar composition. At ca. 800°C the amount of
compounds of “secondary” nature (see Chapter 3), phenols and 1 ringed aromatics, is
clearly larger for the experiment at the lowest ER. Inversely, the amount of the remaining
tar compounds, which are of a “tertiary” nature, is higher for the experiments at higher
ERs. This dependence is also seen in the data for the runs at higher temperature, see
Figure 6.55.

The complex interaction of both parameters in the tar chemistry can however not

be fully described by the performed experiments. A series of experiments where Tg.4 and

ER could be varied independently would be very useful to establish the influence of each

parameter alone, but could not be carried out in the plant used for this study.

Figure 6.54: Normalised tar composition for AH and AH+PE runs at T = 800°C.
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Chapter 6: Discussion

Figure 6.55: Tar composition for AH and AH+PE runs at T > 900°C.
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Even if the exact influence of these two, very important parameters in a gasifier
on the tar composition cannot be clearly deduced from the data gathered, it is important

to emphasise, that at low ER or T4 the total tar concentration in the gases is considerably

higher when PE is added to the fuel as shown in Figure 6.56.

Figure 6.56: Corrected total tar concentration for AH and AH+PE in function of Tgey.
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6.2.4 Altholz and Altholz+Polystyrene in steam/oxygen

The temperatures of the reactor were, for both PS mixture levels studied, higher
than when AH was gasified, see Figure 6.57. As already shown in Figure 6.41 on
page 201 the total power by fuel input for the AH+PS mixtures is the same as in the AH
experiments at the equal ER. Also here, the reason for the deviation of the temperatures
cannot be traced to diverging operational set-points of the reactor. The differences in tem-
perature are assumed to be a consequence of different heats of reaction involved in the

gasification of PS.

Figure 6.57: Bed temperatures for AH and AH+PS experiments.
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The evolution of gas components as a function of ER is shown in Figure 6.58.
All gas components are seen to follow the same trends as ER is increased for all three fu-

els. The addition of PS to AH has little influence on the CO and CO, concentrations at
comparable ER, slightly decreasing them in comparison to AH alone. H, and CH, exhibit
almost identical concentrations for the 10% PS mixture compared to AH. H, is slightly

and CHy strongly decreased in the gas from the 20% PS mixture.
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Figure 6.58: Gas composition evolution for AH and AH+PS gasification in function of ER.
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Figure 6.59: Total tar concentration in function of ER for AH and AH+PS gasification

experiments.
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The total tar concentrations measured, displayed in Figure 6.59, clearly show
that the total tar concentration is greatly increased by the addition of PS. Even at high ERs
larger tar amounts are present in the gas from the PS mixtures. The amount of PS in the
fuel seems however only to influence the total tar concentrations at ER <0.3.

As with previously studied fuels, the fraction of unidentified tar compounds has
been estimated for AH+PS. The results are shown in Figure 6.60. For the 10% PS mixture
at all ERs and for the 20% PS mixture at ER = 0.34 the amount of identified tars is higher
than for AH alone. The explanation for the larger fraction of tars identified is the presence
of large amounts of styrene in the tars. However, at lower ER the tars from the gasification
of the 20% PS mixture do include a fraction of unidentified compounds larger than that
estimated for the AH tars. A possible explanation for this larger fraction of unidentified
tar components is the presence of styrene oligomers or other styrene-related compounds.
The formation of these compounds is apparently dependent on both, the ER and the
amount of PS in the fuel.

The total tar concentration corrected with the results of the above estimation is

shown in Figure 6.61, revealing a 3 to 5 fold increase of the tar concentration at low ER.
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Figure 6.60: Fraction of tars identified by GC/MSD for AH and AH+PS runs in function

of ER.
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Figure 6.61: Corrected total tar concentration as a function of ER for AH and AH+PS.
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The comparison of the measured gas composition with thermodynamic equilib-

rium calculations is shown in Figure 6.62.
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Again the gasifier is seen to be operating far from the thermodynamic equilibri-
um. The equilibrium calculation for the 20% PS mixture at the lowest ER yields 8.4 mole-
% of the products in the form of solid carbon. The reforming computation is seen to de-
crease the differences between measured and equilibrium gas composition but it is again
not possible to explain all the deviations this way.

The gas yields for the AH+PS runs are displayed in Figure 6.63. The amount of
gases generated is smaller when PS is present in the fuel and the ER is below 0.4. This
difference may be attributed to the large fraction of the fuel being converted into tars, as

indicated by the very high total tar concentrations measured.

Figure 6.63: Gas yield in function of ER for AH and AH+PS gasification.
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The evolution of the tar classes as a function of the ER for the AH+PS experi-
ments is shown in Figures 6.64 and 6.65. Benzene concentrations are higher for the
AH+PS mixtures at all ERs. The increase of this tar class is dependent on the amount of
PS present only for ER < 0.3. At high ER the benzene concentration in the AH+PS runs
is still much higher than that of AH. Naphthalene concentrations are also increased at low
ER in comparison to AH. At high ER the concentrations of naphthalene are identical to

those observed in AH gasification.
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Chapter 6: Discussion

Figure 6.65: Evolution of phenol, cresols,3 ring, 4+ ring and O-heteroaromatic classes with ER for AH and AH+PS gasification.
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At low ER the effect of the PS fraction in the fuel on the naphthalene concentrations is
similar to that observed for benzene, i.e. a higher PS fraction corresponding to higher con-
centrations. Both tar classes, benzene and naphthalene exhibit a maximum in their con-
centrations. The ER value at which this maximum is observed is dependent on the PS
fraction in the fuel.

The concentration of 1 ring aromatics is greatly increased by PS addition at low
ER. The level of PS in the fuel does not show a large influence in this increase. At ER >
0.3, this tar class shows the same concentration as when no PS is present in the fuel. The
concentration of 2 ringed aromatics is also only increased in relation to AH at ER < 0.3.
The amount of PS in the fuel has only a minor effect on the concentration of this tar class.

The concentration of phenols and cresols is lower in comparison to AH. Phenol
concentration is affected by the fraction of PS in the fuel whereas cresols concentration is
seen not to depend on this parameter. These compounds virtually disappear from the tars
at lower ER values than is the case for AH alone.

3 ring, 4 ring and larger PAHs show the same behaviour as naphthalene. The 4
and larger ringed PAHs are however present in slightly larger concentrations at high ER
than is the case for AH. The presence of PS in the fuel does not seem to influence the ox-
ygen containing heteroaromatic compounds strongly.

A closer look at the composition of the 1 ringed aromatic tars is shown in Figures
6.66 to 6.68. The amount of styrene is strongly increased in the tars for the AH+20% fuel
at low ERs. Under these conditions, the composition of this tar class is however not
strongly affected when only 10% PS is added to the fuel. At intermediate ERs the situation
is similar. As ER is raised above 0.34, a reduction of styrene with an increase in the con-
centration of toluene is observed for the fuel with 20% PS. Again no large differences are

seen between the AH and the 10% PS fuel.
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Figure 6.66: Concentration of tar compounds in the 1ring class for AH+PS at ER<0.21.
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Figure 6.67: Concentration of tar compounds in the 1ring class for AH+PS at ER<0.3.
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Figure 6.68: Concentration of tar compounds in the 1ring class for AH+PS at ER>0.34.
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Figure 6.69: Fraction of styrene in tars to polystyrene input as a function of Tgyy.
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The fraction of the polystyrene converted to styrene monomer is shown in
Figure 6.69 as a function of the temperature to enable comparison with literature data
[6.23], [6.24]. Note that the results reported in the named references are from pyrolysis

experiments, i.e. ER = 0.
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The differences in relation to [6.23] depicted in Figure 6.69 might be explained
by the experimental set-up used in that study, a pyroprobe pyrolyser. This instrument al-
lows for very short residence times of the products at high temperature, thus minimising
secondary reactions. These results indicate, that the main primary product of PS pyrolysis
is styrene monomer. The fraction of PS converted to styrene reported in [6.24], where the
pyrolysis was conducted in a fluidised bed, seem well comparable to the present results at
the lowest temperature achieved in the experiments of the present study. The reduction in
the fraction of PS converted to styrene observed at higher temperatures in the current
study could be related to both increasing decomposition of the primary product(s) due to
the high temperature or to the presence of oxygen, also affecting secondary reactions.

The temperature and ER combination at which gasification of AH+PS mixtures
is carried out is in any case seen to be very important in reducing the fraction of primary
PS decomposition products and so the amount of tars in the gasification products. Notice
how the conversion of the polymer to the monomer appears to be enhanced at low PS lev-
els in the fuel for a given temperature. The 10% PS mixture yields almost as much styrene

monomer at Tg.yq = 802°C and ER = 0.2 as the 20% PS mixture at Tg,q = 699°C and ER

= (.16. Both sets of reactor conditions would strongly favour the formation of primary
products in biomass gasification, which in the case of PS translates to the preferential for-
mation of monomer. This reaction pathway is also preferred in the case of the AH+PS
mixtures, as the observed high conversions to monomer confirm. This reaction pathway
is however inhibited by the presence of larger amounts of PS in the fuel, as is suggested

by the observed lower conversion to monomer in the results of 20% PS mixture at Tgeq =

841°C and ER = 0.24, a set of conditions still favouring primary reaction products in the
case of pure biomass. Another hypothesis which could explain this behaviour is a stronger
sensitivity of the primary to secondary (or tertiary) conversion reactions to the presence
of oxygen (= higher ER) for PS.

The tar composition is shown in Figures 6.70 to 6.72. Both PS mixtures show in-
creased fractions of the 1 ringed components at low ER, reflecting the high conversion of
PS to monomer discussed above. The 10% PS mixture does furthermore show a marked
increase of the benzene fraction in the tars compared to AH, which is absent in the results
of the 20% PS mixture. The difference between the 20% and the 10% mixtures could be

explained by the higher ER used in the 10% PS experiment, which could enhance the con-
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version of the primary products of the PS pyrolysis to tertiary products. Naphthalene and
3 ringed aromatic compounds have their fractions increased in the 10% PS experiment in
relation to AH, but almost no changes are observed for the 20% PS mixture. 2, 4 and larger
ringed aromatics are somewhat decreased in the PS mixtures. Phenolic compounds are

clearer strongly reduced in the tars from the AH+PS mixtures at low ERs.

Figure 6.70: Normalised tar composition for AH and AH+PS gasification at low ERs
(0.16<ER<0.21).
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At intermediate ERs both PS mixtures yield tars with a higher fraction of ben-
zene. The 10% PS mixture shows a very low fraction of 1 ringed aromatic compounds
compared to the results of the other two fuels. Probably the higher temperature of this par-
ticular experiment in comparison to the other two is responsible for the conversion of the
primary tar product from PS (styrene) into the thermally more stable benzene. The same
situation is observed for the 2 ringed aromatics. Naphthalene is increased in the tars of the
AH+PS mixtures in this ER range, as are the 3 ringed aromatics. This increase is seen to
be dependent on the fraction of PS present in the fuel. As in the lower ER range, phenolic

compounds are strongly reduced in the tars of the AH+PS mixtures.
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Figure 6.71: Normalised tar composition for AH and AH+PS gasification at
intermediate ERs (0.24<ER<0.30).
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Figure 6.72: Normalised tar composition for AH and AH+PS gasification at high ERs
(0.34<ER<0.42).
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At high ERs, the AH+PS mixtures yield higher benzene fractions in the tars. The
20% PS mixture yields an unexpectedly high 1 ringed aromatics fraction, probably due to

the comparatively low ER in that particular experiment. Naphthalene is strongly reduced

230



Chapter 6: Discussion

in the tars as are the 2 and 3 ringed aromatics. 4 and larger aromatic systems are seen to

be almost not influenced by the presence of PS.

6.2.5 Effect of ageing on SCW
The aged SCW was gasified in experiment 000201, at almost the same ERs as
the untreated SCW, yielding comparable temperatures as shown in Table 6.9. A discus-

sion of the results can therefore be made for either ER or Tgyy.

Table 6.9: ER and Tg.4 for SCW and aged SCW gasification experiments

SCW Aged SCW
ER[-] Tgea[°Cl | ER[-]  Tpeq[°Cl
0.20 707 0.21 729
0.30 841 0.31 834
0.40 932 0.41 923

Figure 6.73: Gas composition evolution for SCW and aged SCW gasification in steam/

oxygen.
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The gas composition evolution with ER for both SCW fuels is shown in

Figure 6.73. Almost no differences are observed in the gas composition of both fuels.
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A comparison to the thermodynamic equilibrium will not be made. The compo-
sition of the aged SCW is assumed to be the same as SCW and the experimental condi-
tions are very similar for both fuels. Therefore the results would be the same for the two
fuels and comparable to those shown in Figure 6.29 on page 191.

The gas yield for both types of SCW is shown in Figure 6.74. The aged fuel
shows a slightly smaller gas yield at ER < 0.4. The difference is however smaller than that
observed between regular SCW and AH. The lower gas amount produced could be due to
a lower amount of volatile components in the aged fuel, which can be expected from the
treatment (heating over a long time) applied in the preparation of the aged SCW. During
this treatment the characteristic smell of light components of coniferous woods (e.g. the

fragrant terpene compounds) was detected.

Figure 6.74: Gas yields for SCW and aged SCW gasification in steam/oxygen as a
function of the ER.
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The total tar concentration in the gases of the two SCW variants is shown in
Figure 6.75. Apart from some minor differences (at ER = 0.3 the relative deviation is less

than 2.5%) both fuels again show practically identical values.

232



Chapter 6: Discussion

Figure 6.75: Total tar concentration for SCW and aged SCW gasification in steam/

oxygen as a function of ER.
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The evolution of the tar classes as a function of the ER is depicted in Figures 6.76

to 6.78.

Figure 6.76: Tar concentration evolution with ER (major aromatics) for regular and aged
SCW gasification in steam/oxygen.

Concentration [mg/m 3\]

14000 - B Benzene SCW - -+ - Benzene aged SCW
| ¢ 1ring SCW - = - 1ring aged SCW
12000 - A Naphthalene SCW - -/ - Naphthalene aged SCW
| |
1 ._I:I ------------ 1
10000 + P
i ¢’
8000 —+ o
. .
i o O,
6000 —+ PRI .
- . D ~ - .
4000 —+ v -
| “X > g === ‘ ‘A
2000 -+ P
| A A° T .
<
0 1 1 1 1 ’1
0.15 0.20 0.25 0.30 0.35 0.40 0.45
ER [-]

233



Chapter 6: Discussion

Figure 6.77: Tar concentration evolution with ER (oxygenates) for regular and aged

SCW gasification in steam/oxygen.
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Figure 6.78: Tar concentration evolution with ER (minor aromatics) for regular and aged
SCW gasification in steam/oxygen.
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Both fuels show essentially the same evolution and concentrations of the tar

classes. Only very small increases in the concentrations of some tar classes are observed.
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This identical tar classes evolution means also, that the tar composition for both fuels is
practically the same, making a discussion of differences in the tar composition redundant.

Since the tar composition is virtually the same for the standard SCW and the aged
variant, the estimation of the identified tar compounds was not carried out for the aged
SCW. The results for the regular SCW are assumed to apply to the aged fuel and the cor-
rected total tar concentrations evolution is shown in Figure 6.79. This plot shows, that
aged SCW yields a slightly higher tar concentration as the untreated fuel, but again dif-
ferences are very small and may well be assumed to reflect error margins of the tar meas-

urement method.

Figure 6.79: Corrected total tar concentration for SCW and aged SCW gasification in
steam/oxygen as a function of ER.
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The results presented clearly show, that both fuels behave identically. The simu-
lated ageing had no effect on SCW. Two conclusions are possible: either that the treatment
chosen was not the correct one or not applied long enough to simulate the aging process

correctly, or that the age of the fuel is not a cause for the observed lower tar concentrations

of AH.
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6.2.6 Effect of fuel particle size in the gasification of SCW

ygen in experiment 000330. The original SCW has a mean particle size of approximately
430um. The temperatures and ERs of the runs in this experiment as well as those for the
experiment with the regular SCW are shown in Table 6.10. Again the conditions in the

experiment with either fuel are very similar, with the exception of the highest ER for the

The milled SCW, with a mean particle size of 220um was gasified in steam/ox-

milled SCW. At the same ER the same Ty, is achieved, making a discussion of the results

with respect of either parameter possible.

Table 6.10: ER and Tg.4 for SCW and milled SCW gasification experiments.

SCW Milled SCW
ER[-] Tgea[°Cl | ER[-] Tpgeq [°C]
0.20 707 0.19 714
0.30 841 0.31 842
0.40 932 0.46 944

Figure 6.80: Gas composition evolution for SCW and milled SCW gasification in steam/

oxygen as a function of ER.
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The evolution of gas composition for both fuels, shown in Figure 6.80, reveals
only small differences in the gas composition at comparable ER. The CO, and H, concen-
trations are slightly lower and the CO concentration is higher for the milled fuel. A hy-
pothesis to explain this higher CO concentration is, that the smaller sized fuel generates
char particles with smaller size and therefore larger specific surface. This increase in spe-
cific surface of the char could in turn increase the conversion of the char by the Boudouard
reaction (Cg) + CO, — 2 CO), explaining the higher CO and lower CO, concentrations
observed when the milled fuel is used. The lower solids output with a lower carbon con-
tents observed in the experiment at lowest ER using the milled fuel also supports this hy-

pothesis, see Table 6.11.

Table 6.11: Mass flow, water and carbon content of solids collected in SCW and milled
SCW gasification. *: as sampled.

Fuel SCW Milled SCW

ER [-] 0.2 0.3 04| 0.19 031 046
Solids flow [kg/h] 0.411 0.103 0.075 [0.141 0.098 0.075
Ash content of solids* [mass-%] | 33.7 62.7 580 | 48.1 419 30.8
Water content of solids* [mass-%] 1.7 4.9 5.3 277 155 11.6
Carbon content of dry solids [mass-%] | 64.6 324 36.7 | 49.1 425 57.6

However, for higher ER, the higher conversion of the char cannot be confirmed
by the experimental data. On the contrary, the carbon content of the dry solids (i.e. in the
state as they exit the reactor) is higher for the milled fuel in comparison to the regular
SCW. The mass flows of solids exiting the reactor is further identical for both fuels. To
confirm the hypothesis of the enhanced influence of the heterogeneous water-gas shift re-
action, measurements of the solids profile inside the reactor and its carbon content would
be necessary. This kind of measurement could unfortunately not be carried out in the
present study.

The gas yield for the milled and regular SCW is shown in Figure 6.81 as a func-
tion of the ER. The gasification of the milled fuel is seen to yield larger gas amounts com-
pared to the regular SCW. This increase indicates, that better solids conversion occurs
when using the milled fuel. This increase could be assigned to the enhanced influence of
the heterogeneous water-gas shift reaction put forward in the previous discussion of the

gas composition.
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Figure 6.81: Gas yield for SCW and milled SCW gasification in steam oxygen.

—@—SCW .’
- = - Milled SCW . °

—
N
|
I
‘
.

-_—
—
|
I

Gas yield [m>y,dry /kg pAH
o —
© o

o
™

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
ER [-]

Figure 6.82: Total tar concentration for Altholz, SCW, aged SCW and milled SCW
gasification in steam/oxygen.
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The total tar concentration measured in the gasification of all three SCW variants
and of AH is depicted in Figure 6.82 as a function of the ER. The milled SCW is seen to
yield higher tar concentrations in the gas than the other two SCW variants. These differ-

ences are further seen to be as significant as those observed between regular SCW and
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AH. The fuel particle size is therefore seen to have a strong impact on the tar concentra-
tions in the gas, the smaller fuel yielding larger tar concentrations. This experiment had
been planned to test whether the lower tar concentrations observed when gasifying AH
could be due to the smaller size of the AH fuel (Mean particle diameters: SCW ca. 620um,
AH ca. 330um). As the results show, smaller fuel particles do on the contrary increase the
tar concentrations. Therefore the smaller particle size of the AH is not the cause of the ob-
served lower tar concentrations in the gasification of this fuel.

The higher tar concentrations observed may be explained in the light of the re-
sults from pyrolysis experiments (see page 63, Chapter 3). Smaller particles experience
higher heat transfer rates. These higher heating rates are known to favour the formation
of tars and gases in pyrolysis of biomass. Furthermore, in the smaller particles, lower res-
idence times for the primary pyrolysis products inside the residual carbon matrix can be
expected. This decrease in residence time would in turn decrease the interaction of the pri-
mary products and the carbon matrix. Increased char/tar interactions are known to reduce
the amount of tars in the pyrolysis of biomass. A larger amount of volatilised products
would therefore exit the reacting particle because of the two influences described above,
explaining the higher tar concentrations measured.

The evolution of the tar classes for SCW and milled SCW is shown in Figures
6.83 to 6.85. The evolution of the tar classes concentrations with ER is the same for both
fuels. The milled SCW exhibits markedly higher benzene concentrations over the whole
range of ERs studied as well as somewhat higher concentrations of 1 and 2 ringed aromat-
ics. Phenols and cresols as well as the 3 ringed aromatics are also slightly higher for the
comminuted fuel. The concentrations of naphthalene and the larger ringed aromatics are
seen not to be affected by the particle size. All differences in concentration are, with the

exception of benzene relatively small.
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Figure 6.83: Tar classes concentration evolution with ER (major aromatics) for regular

and milled SCW gasification in steam/oxygen.
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Figure 6.84: Tar classes concentration evolution with ER (oxygenates) for regular and

milled SCW gasification in steam/oxygen.

6000

5000 +

o
o
o
|
T

Congentratign [mg/m 3]
o o
o o
o o

1000 +

m Phenol SCW
¢ Cresols SCW
® O-heteroar. SCW

- -+ - Phenol milled SCW
- =¢ - Cresols milled SCW
- -Or - O-heteroar. milled SCW

~
~ w0 .
AN -,
P O~ - . -~
- - .

240



Chapter 6: Discussion

Figure 6.85: Tar classes concentration evolution with ER (minor aromatics) for regular
and milled SCW gasification in steam/oxygen.
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The small differences in the concentrations of the single tar classes are also re-

flected in the tar composition depicted in Figures 6.86 to 6.88.

Figure 6.86: Normalised tar composition for SCW and milled SCW gasification in
steam/oxygen at ER = 0.2.
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At ER = 0.2 the milled SCW exhibits higher benzene and 1 ringed aromatics con-
tent. All other tar classes make up a lesser fraction of the tars of the comminuted fuel, the

largest difference is seen in the phenolic compounds.

Figure 6.87: Normalised tar composition for SCW and milled SCW gasification in
steam/oxygen at ER=0.3.
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Figure 6.88: Normalised tar composition for SCW and milled SCW gasification in
steam/oxygen at ER>0.4.
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At ER = 0.3, the tars are of very similar composition, with a somewhat higher
fraction of benzene present in the tars from the smaller fuel.

The differences in tar composition at ERs higher than 0.4 is very similar to that
observed at ER = 0.3. A somewhat greater decrease in the fraction of naphthalene is ob-
served for the milled fuel.

Summarising, the tars issued of both fuels are almost identical in composition at
all ERs studied. Only an increase in the benzene contents of the tars is observed when the

milled fuel is employed.

6.3 Influence of operational parameters

6.3.1 The gasification agent

With the experimental data gathered in the present study, a comparison of the re-
sults obtained with the gasification agents air and steam/oxygen may be carried out for
both fuels, AH and SCW, depicting the influence of the gasification agent. The ER set-
points used in the experiments with either gasification agent for either fuel yielded very
similar temperatures as shown in Figure 6.89. Either parameter can thus be used for dis-
cussion of the results and, as previously, the ER will be used.

The gas composition for these fuel/gasification agent combinations is shown in
Figures 6.90 and 6.91. Notice that the gas composition is given on a dry, inert-free basis.
The trends in the concentrations of all gas components in function of the ER for both fuels

and in either gasification agent are the same.
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Figure 6.89: Gasification temperatures as a function of ER for AH and SCW in air and

steam/oxygen.
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Figure 6.90: Gas composition versus ER for AH gasification in air and steam/oxygen.
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The results of the AH experiments show the marked influence of the homogene-

ous water-gas shift reaction (CO + H,O — CO, + H,) on the gas composition when this
fuel is gasified in steam/oxygen mixtures. The CO, and H, concentrations are higher in

this gasification agent when compared to the results in air and at the same time the CO

concentration is lower. CHy is not affected by the gasification agent.

Figure 6.91: Gas composition versus ER for SCW gasification in air and steam/oxygen.
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This influence cannot be determined for SCW. Here CO concentrations are high-

er in steam/oxygen, CO, does not seem to be influenced by the gasification agent and H,

is clearly present in lower concentrations in the steam/oxygen results when compared to
the gasification in air. A higher CO concentration could be tentatively explained by the

heterogeneous water-gas shift reaction (C(5) + H,O — CO +H,) but the accompanying in-
crease in H, concentration is not observed. The use of steam/oxygen mixtures as gasifi-
cation agent for SCW affects the CH4 concentration only marginally, lowering it slightly

in comparison to the air results. The influence of the gasification agent on SCW observed

in the present study is very similar to literature data [6.17]. In this reference the gas com-
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position is however given on a dry basis, which enhances the differences between air and
steam/oxygen due to the diluting effect of the N, in the air results.

The gas yields for both fuels and either gasification agent are plotted in
Figure 6.92, again on a dry, inert-free basis. Air gasification clearly yields a larger amount
of product gases compared to steam/oxygen gasification. This difference in the gasifica-
tion agents is again similar to that reported in reference [6.17]. However, in this reference
the ER is reported not to influence the gas yield in the case of steam/oxygen gasification

as observed in the present study. The reason for this discrepancy is unclear.

Figure 6.92: Gas yield (dry, inert-free basis) for AH and SCW gasification in air and
steam/oxygen mixtures.
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The total tar concentrations corrected with the fraction of tars identified (see
page 178) are given in Figure 6.93 for all four combinations of fuel and gasification agent
on a dry, inert-free basis. AH is seen to yield lower tar amounts than SCW, but the differ-
ence is less marked as in the previously used raw gas basis. The gasification agent does
not appear to strongly influence the tar amount in the gases for either fuel with the excep-
tion of the result obtained gasifying SCW in steam/oxygen at low ER. The higher tar con-
centrations for steam/oxygen gasification compared to air reported in the literature (e.g.

[6.17]), must therefore be assigned to the dilution of the gases by nitrogen in the air case.
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The reason for the higher tar concentration for the SCW in steam/oxygen could be attrib-
uted to the more secondary nature of the tars indicated by the lower fraction of tars detect-
ed by the measurement method employed in the present study, see Figure 6.35 on

page 196.

Figure 6.93: Corrected total tar concentrations for AH and SCW gasification in air and
steam/oxygen mixtures on dry, inert-free basis
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The evolution of the tar classes on a dry, inert-free basis is shown in Figures 6.94
to 6.96 for SCW in both gasification agents. For SCW the influence of the gasification
agent is almost negligible. Benzene concentrations are lowered slightly in steam/oxygen
compared to air. All other tar classes exhibit the same concentrations independently of the

gasification agent.
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Figure 6.94: Tar classes concentration evolution (major aromatics, dry, inert-free basis)
with ER for SCW gasification in air and steam/oxygen.
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Figure 6.95: Tar classes concentration evolution (oxygenates, dry, inert-free basis) with
ER for SCW gasification in air and steam/oxygen.
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Figure 6.96

with ER for SCW gasification in air and steam/oxygen.
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Figures 6.97 to 6.99 show the evolution of the tar classes concentrations for AH

in both gasification agents.

Figure 6.97: Tar classes concentration evolution (major aromatics, dry, inert-free basis)

with ER for AH gasification in air and steam/oxygen.
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Figure 6.98: Tar classes concentration evolution (oxygenates, dry, inert-free basis) with
ER for AH gasification in air and steam/oxygen.
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Figure 6.99: Tar classes concentration evolution (minor aromatics, dry, inert-free basis)
with ER for AH gasification in air and steam/oxygen.
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For AH the gasification agent is seen to also have only a minor influence on the

tar concentrations of most tar components. The largest aromatic compounds (3 and more
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rings) are however observed in larger concentrations in the steam/oxygen products at high
ER. In summary, the tars from both fuels are seen to behave similarly, if not identically,
in either gasification agent.

The tar composition for either fuel and both gasification agents is shown in Fig-
ures 6.100 to 6.105 for the different ER ranges studied. The tar composition at a given ER
is seen to be largely independent of gasification agent. The comparatively large differenc-
es for SCW at intermediate ER in Figure 6.101 are probably due to the relatively large dif-
ference in ER in the two runs involving this fuel in the different gasification agents (0.25

in air and 0.3 in steam/oxygen).

Figure 6.100:Normalised tar composition for SCW gasification in air and steam/oxygen
at ER=0.2.
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Figure 6.101:Normalised tar composition for SCW gasification in air and steam/oxygen
at ER=(0.3.
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Figure 6.102:Normalised tar composition for SCW gasification in air and steam/oxygen
at ER=0.4.
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Figure 6.103:Normalised tar composition for AH gasification in air and steam/oxygen at

ER=0.2.
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Figure 6.104:Tar composition for AH gasification in air and steam/oxygen at ER=0.3.

50 +

45 ] OAH steam/oxygen ER=0.29 T=832°C
I AH steam/oxygen ER=0.3 T=828°C

40 1 M AH air ER=0.31 T=849°C

w
o

w
o

Fraction of identified tars [%]
N
(&) ]

20 1
15 1
10
5
0
Benzene 1ring Naphthalene 2ring 3ring 4+ ring Phenol Cresols O-heteroar.
Tar class

253



Chapter 6: Discussion

Figure 6.105:Normalised tar composition for AH gasification in air and steam/oxygen at
ER = 0.4.
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6.3.2 Steam to biomass ratio

To test for the influence of the relative amount of steam added (the so-called
steam to biomass ratio), experiments 990706 and 990729 were carried out using twice the
“normal” steam input to the reactor, or 11.6 kg/h. Experiment 990706 had to be aborted
after the second ER set-point. A large and potentially dangerous gas leak was detected due
to a defective gasket between the flanges of two freeboard modules. The tar and water
measurement during run A must be discarded, as a large leak in the sampling train was
observed. Due to these reasons only the data generated in 990706B is considered mean-
ingful and therefore only this data is presented in the appendix and discussed in this chap-
ter.

The bed temperatures were ca. 30°C lower at comparable ER set-points for the
experiments at higher steam input as shown in Figure 6.106. This difference is probably
due to a larger energy output from the bed due to the higher gas mass flow exiting this part

of the reactor. Nevertheless, the discussion of the results will be made in function of the

ER.
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Figure 6.106:Bed temperatures for AH gasification at different steam input mass flows.
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Figure 6.107:Steam concentration for AH gasification experiments at different steam
input to the reactor.

65

o)}
S
|
O

($)}
a
|
O

& AH steam: 5.8kg/h
OAH steam: 11.6kg/h

0
o
|
T

*

IN I
o o
4
L 4

H20 concentration [vol.-%]

w
()}
|
T

w
o

0.30 0.35 0.40 0.45
ER [-]

o
—
o
©
N
(=}
o
N

(&

As shown in Figure 6.107 the higher steam input to the reactor yields higher
steam concentrations in the gas. Even though the operational procedure of the reactor im-

plies a change in the steam to biomass ratio in an experiment with constant steam input,
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Figure 6.108 clearly shows that in these experiments at higher steam input this value was

dramatically changed for a given ER.

Figure 6.108:Steam to biomass ratio for AH gasification experiments at different steam
input to the reactor.
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Figure 6.109:Dry, inert-free gas composition versus ER for AH experiments at different
steam input mass flows.

50 W CO2 steam: 5.8kg/h [JCO2 steam: 11.6kg/h
| A CO steam: 5.8kg/h A CO steam: 11.6kg/h

@ H2 steam: 5.8kg/h O H2 steam: 11.6kg/h P |
45 | @ CH4 steam: 5.8kg/h O CH4 steam: 11.6kg/h SR a
40 + O ..--=-""""" LB
‘D‘A. -

Concentration [vol.-% piF]
N
(@)

20 +
15 +
10 -+ o —
__ - ..-_‘,O._______Q_‘O
5 1 |Solid lines: trendlines for steam at 5.8kg/h ~-0
Dashed lines: trendlines steam at 11.6kg/h
0 1 1 | | |
0.15 0.20 0.25 0.30 0.35 0.40 0.45

ER[]

256



Chapter 6: Discussion

The gas composition is given in Figure 6.109 on a dry, inert-free basis to sup-
press the effect of dilution by the larger steam amount present in the gas. H, and CH, are
seen not to be affected by the larger steam to biomass ratio. On the other hand, CO is low-

ered and CO, is increased in the experiments at higher steam input. The explanation at

hand would be an increased conversion of the CO according to the homogeneous water-
gas shift reaction CO + H,O — CO, + H,. The increase in H, predicted by this hypothesis
is however only detected when the equivalence ratio is properly redefined.

The ER definition used so far only accounts for the oxygen input by either fuel,
air or oxygen. If the above data is plotted against a “total” ER (TER), which includes the
oxygen input by the steam, Figure 6.110 is obtained.

Figure 6.110:Dry, inert-free gas composition evolution versus “total” ER for AH
experiments at different steam input mass flows.
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The oxidising effect of the larger steam input is clearly seen from this plot. The
gas composition evolution of all components from all experiments is seen to follow ap-
proximately the same trend. As TER is increased the gas composition obtained is seen to

become stronger influenced by the above mentioned homogeneous water-gas shift reac-

tion.

257



Chapter 6: Discussion

A similar influence on the heterogeneous water-gas shift reaction (C5) + H,O —
CO + H,) could be expected. If the increased steam input increases the conversion of solid
carbon, lower carbon content in the solids exiting the reactor may be expected.
Figure 6.111 does however show, that the carbon content of the solids in the experiments
at higher steam input is higher. This effect may be attributed to the lower residence times
resulting from the increased gas throughput through the reactor. The particles carried out
of the bed exit the reactor in a shorter time in the experiment at higher steam mass flow.

These particles have therefore less time to react and exhibit thus a higher carbon content.

Figure 6.111:Carbon content of solids for AH gasification experiments at different
steam input mass flows.
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A comparison with the gas composition predicted by thermodynamic equilibri-
um calculations is shown in Figure 6.112. The thermodynamic equilibrium is clearly not

attained. It is interesting to note that the CO, concentrations measured do however match

those predicted by the calculations quite closely.
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Figure 6.112:Measured, thermodynamic equilibrium and reformed gas composition for
AH gasification at a steam input mass flow of ca. 11.6 kg/h
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The total tar concentrations measured are displayed in Figure 6.113 on a dry, in-
ert-free basis to cancel the dilution effect of the higher steam content and of the nitrogen
in the gas. At low ER the higher steam input to the reactor appears to reduce the total tar

concentration in the gases. The tar concentration does exhibit an unexpected minimum at
ER = 0.3.
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Figure 6.113:Total tar concentration (DIF basis) for AH gasification at different steam
input mass flow versus ER.
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Figure 6.114:Estimated fraction of tar components identified by GC/MSD method for
AH gasification with different steam input mass flows.
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The estimation of the identified tar components has again been done for these ex-

periments at higher steam input mass flow and the results are shown in Figure 6.114. For
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the high ER experiments with high steam throughput a very small increase in the amount
of identified tar components is observed. For the low ER runs on the other hand the frac-
tion of unidentified tars is markedly higher than that observed in the runs using a lower

steam throughput.

Figure 6.115:Corrected total tar concentrations (DIF basis) for AH gasification at
different steam input mass flows.
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The corrected total tar concentration, taking into account the fraction of identi-
fied tar species is shown in Figure 6.115. In this plot the differences between the low and
high steam throughput experiments diminish. This observation is however not in line with
data published in the literature (e.g [6.19]). An increase in the steam-to-biomass (S/B) ra-
tio should bring about a reduction in the tar concentrations. It is possible that this discrep-
ancy may be assigned to differences in the tar measurement methods employed, or that
the range of S/B ratios used in the present study is not large enough to allow the observa-
tion of a reduction in the tar concentrations.

The tar classes evolution is shown in Figures 6.116, 6.117 and 6.118. The higher
steam content affects the benzene and naphthalene concentrations, lowering both at low
ER. However, benzene concentrations are similar in both steam environments at compa-

rable high ER.
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Figure 6.116:Tar classes evolution (major aromatics, DIF basis) for AH gasification at
different steam input mass flows.
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Figure 6.117:Tar classes evolution (oxygenates, DIF basis) for AH gasification at
different steam input mass flows.
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Figure 6.118:Tar classes evolution (minor aromatics, DIF basis) for AH gasification at
different steam input mass flows.
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The oxygenated compounds are not affected by the higher steam content of the
gas. Large differences are observed in the concentrations of the larger ring systems.
2-ringed aromatics are found in lower concentrations at low ER, and as ER is increased
the differences between the two steam environments become smaller.

The 3 and 4+ ring tar classes do however exhibit a different behaviour. At low
ER the concentrations of these two tar classes are the same for both steam throughput ex-
periments. As ER is increased, the concentrations for the high steam case are seen to be
markedly lower in comparison to the standard steam throughput. This difference is clear
despite the large scatter of the data. An exact explanation for this situation cannot be giv-
en, but it appears that the reforming reactions of the higher ring systems proceed faster
that those of the 2-ringed systems. This observation would be consistent with the fact, that
one of the most stable molecules present in the tars is the 2-ringed naphthalene [6.20].

The oxygen containing heteroaromatic compounds are not affected by the larger
steam fraction in the gas at all ERs studied.

The tar composition is depicted in Figures 6.119 to 6.121 for the different ER
ranges covered by the experiments. At ER = 0.2 the tar fraction of benzene in the tars is

strongly reduced by the presence of larger amounts of steam in the gas as are the 2 ringed
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PAHs (naphthalene and 2 ring) but in a less dramatic manner. The fraction of larger PAHs
is not affected by the increase in the steam. Phenol and especially Cresols on the other

hand make up a larger fraction of the tars in the case of higher steam amount in the gas.

Figure 6.119:Normalised tar composition for AH gasification at ER = 0.2 and different
steam mass flows.
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Figure 6.120:Normalised tar composition for AH gasification at ER = 0.3 and different
steam mass flows.
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At ER = 0.3 a higher fraction of the phenolic compounds as well as the 1 ring
aromatics result form the increase in the steam amount fed to the reactor. Benzene and the
2 ringed aromatics are not strongly affected whereas all other PAHs exhibit a decrease in

their fraction of the total tars.

Figure 6.121:Normalised tar composition for AH gasification at ER = 0.4 and different
steam mass flows.
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At ER = 0.4 a net increase in the fractions of benzene and 1 ringed aromatics is
caused by the higher steam amount in the gas caused by the higher input of steam to the
reactor. All PAHs with the exception of the 2 ringed class are lowered as the steam content

of the gas rises.

6.3.3 Reactor load

To test the effect of the reactor load, in experiment 991005 the fuel feed rate was
kept constant and the variation in ER was achieved by adjusting the oxygen input to the
reactor. Altholz was used as fuel and it was chosen to use the fuel feed rate corresponding
to ER = 0.3 for the regular experimental procedures (i.e. ca. 14-15 kg/h fuel input). This
in turn means, that compared to the regular experimental procedure at ER = 0.2, a smaller
and, at ER = 0.4, a larger fuel mass flow will be used. The primary objective of this ex-

periment was to test if differences in e.g. the residence time of the gases (the amount of
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which is directly dependent on the fuel mass flow) would influence the gasification pro-
cedure.

As the steam mass flow was kept at the regular value of 5.8kg/h, the constant fuel
feed rate yields an almost constant steam to biomass ratio in the runs of this experiment,
in contrast to the varying steam to biomass ratio in the experiments performed using the

regular procedure.

Figure 6.122:Tg.4 versus ER for AH gasification in steam/oxygen according to the
normal operational procedure and at constant fuel feed rate.
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As illustrated in Figure 6.122, the heat management of the reactor is another pa-
rameter which is unwillingly altered in relation to the regular procedure. The smaller fuel
input at ER = 0.2 compared to the regular experiments yields a lower reactor temperature
whereas at ER = 0.4 a higher mass flow of fuel will generate a higher reactor temperature.
The discussion of the results will still be made for ER.

The evolution of the gas composition at the top and bottom gas sampling points
depicted in Figure 6.123 shows that during run 991005A a large leak was observed in the
gas sampling system of the top sampling point. As soon as the leak was corrected (by
thightening the lid of the bottle containing the bentonite, solid tar absorbent see page 30),

the gas composition values stabilised at similar values to those prior of the start of the
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sampling period. The gas composition for this part of the experiment is therefore taken as

the average of the values after the suppression of the leak.

Figure 6.123:Gas composition evolution for experiment 991005.
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The gas composition evolution with ER is depicted in Figure 6.124. The CO, and
CH,4 concentrations are unaffected by the change in the fuel feed rate. Under identical

conditions at ER = 0.3 (the fuel feed rate experiment 991005 was chosen as the same value
used previously for the regular AH experiments at ER = (.3) the concentrations of these
two gas components are seen to be identical for both experiments. However, large differ-

ences are observed for the CO and H, concentrations, even at ER = 0.3. Furthermore at

ER = 0.38, the H2 concentration measured in the experiment at constant fuel feed rate is
much higher than that of the experiment under regular conditions. An unambiguous ex-
planation for this behaviour cannot be found, but variations in the fuel composition could
be the cause for this strange behaviour. From the (very poor) fuel composition data avail-
able, the ash and water content of the fuel used in each period, no differences can be seen

as Table 6.12 shows.
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Figure 6.124:Gas composition evolution with ER for AH gasification in steam/oxygen

according to the normal operational procedure and at constant fuel feed
rate.
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Table 6.12: Ash and water content of fuel used in experiment 991005.

Run 991005A 991005B 991005C
Humidity [mass Y%pawl 7.21 7.16 7.17
Ash content [mass Yo awl 5.19 4.79 5.18

The gas yield given in Figure 6.125 shows that under a constant fuel feed rate

less gas is generated at all conditions, detailing further discrepancies between the experi-

ments at almost identical conditions (ER = 0.3). The reason for the lower gas yields ob-

served at the two extreme ER set-points is unclear.
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Figure 6.125:Gas yield of AH gasification
experiments in steam/oxygen.
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The total tar concentration shown in Figure 6.126 on a dry basis illustrates yet

another discrepancy between the experiments: the tar concentrations for the constant fuel

feed rate experiment at ER = 0.3 and 0.4 are seen to lie well above the range previously

measured using the standard experimental procedure. At ER = 0.2 on the other hand the

tar concentration is well below the values measured at regular conditions. No estimation

of the fraction of identified tar components was carried out for the experiment at constant

fuel feed rate, but using the averages at similar ER obtained for the experiments using the

regular experimental procedure (i.e. with a variation of the fuel input mass flows), the cor-

rected total tar concentrations also shown in Figure 6.126 are obtained. The discrepancy

observed still persists in the corrected values, and again large disparities are observed at

the same experimental conditions at ER = 0.3.
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Figure 6.126:Total tar concentration for AH gasification for constant fuel feed rate and
regular experiments in steam/oxygen.
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The evolution of the tar classes with the ER is shown in Figures 6.127, 6.128 and
6.129.

Figure 6.127:Tar classes evolution (major aromatics, DIF basis) for AH gasification at
different fuel input mass flows.
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Figure 6.128:Tar classes evolution (oxygenates, DIF basis) for AH gasification at
different fuel input mass flows.
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Figure 6.129:Tar classes evolution (minor aromatics, DIF basis) for AH gasification at
different fuel input mass flows.

3500
Solid symbols: regular procedure
Open symbols and dashed lines: constant fuel feedrate
3000 + B 2ringAH - [} - 2ring SCW
= & 3ring AH - = - 3ring SCW
3 2500 @ A 4+ringAH - -Ac - 4+ring SCW
3 s
) [ | [ ...
g la L TR ,0
£ 2000 + PRI
—_ | - .
c u -5 ‘'l
- 2
9 -= " * - ’ ‘ L] A ’
g’ISOO—D’ ,* 'I,. Ll
5 ’, ~ N .- -
. _ et
£ 1000 | . AL .- ..
(&) O e L. AT s LN A
R - A ~
500 + A _ .- - '~-
Aa O |
0 1 1 1
0.20 0.25 0.30 0.35 0.40
ER []

Significant differences are only observed for benzene over the whole ER range

and for 1 ringed aromatics, phenol, cresols the 2 ringed aromatics at low ER. At low ER
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all 5 tar classes but the cresols are observed in lower concentration in the experiment at
constant fuel input mass flow. The cresols concentration is higher for the constant reactor
load experiment. These differences disappear at higher ER for all tar classes but for ben-
zene. This tar class is detected in higher concentrations in the gas from the experiment at
constant reactor load. The high cresol concentration could be interpreted as a consequence
of the relatively low temperature of run 991005A, 674°C. At this relatively low tempera-
ture conversion of secondary tar products into tertiary products occurs to a lesser extent,
allowing a larger amount of cresols to subsist in the gas.

The tar composition for the experiment at constant reactor load is shown in Fig-
ures 6.130 to 6.132 together with the tar composition for the experiments performed ac-
cording to the regular experimental procedure. The tar composition resulting from the two
experimental procedures is quite similar. Only at ER = 0.2 a lower benzene and higher
cresols fraction in the tars is observed. As mentioned before this differences could be as-
signed to the low temperature of the experiment at ER =0.2 and constant reactor load,
which would be favourable to the formation of tar products of secondary tar nature, which

could not be detected by the tar analysis method employed in the present study.

Figure 6.130:Normalised tar composition for AH gasification experiments at constant
fuel input and under regular experimental procedures at ER = 0.2.
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Figure 6.131:Tar composition for AH gasification experiments at constant fuel input and
under regular experimental procedures at ER = 0.3.
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Figure 6.132:Normalised tar composition for AH gasification experiments at constant
fuel input and under regular experimental procedures at ER = 0.4.
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7 CONCLUSIONS

7.1 Summary of conclusions

The conclusions from the discussion of the results in Chapter 6 are presented in

the following in summarised form.

7.1.1 General

» The gas composition in Altholz gasification is subject to catalytic effects. Both heter-
ogeneous as well as homogeneous reactions seem to be influenced. This catalysis may
lead to considerable differences in gas composition under otherwise identical reactor
operational conditions.

» The reproducibility of the results should be ascertained using a fuel with constant

composition and free of potentially catalytic active contaminants, i.e. SCW. Altholz is
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unsuitable to establish reproducibility as the contaminants present in this fuel influ-
ence the results, especially the gas composition.

* Reactions are seen to occur in the reactor’s freeboard. Gas composition differences
are observed at different locations in the freeboard for low as well as high ER (or tem-
perature) set-points. These differences are furthermore a function of the type of fuel
(SCW or AH) used.

» Experimental evidence exists suggesting that reforming type reactions occur in the
freeboard region of the gasifier. The concentration of tars in the gases could therefore
be influenced by the residence time of the products in the reactor. This difference
could however not be correctly ascertained by the experiments carried out in this
study.

* The gas composition and tar amount and composition results obtained are well com-
parable to literature data in either gasification agent.

» As already reported in the literature, the gasifier delivers a gas with a composition
very different from that predicted by thermodynamic equilibrium calculations. This
difference is observed for all fuels and gasification agents studied. These differences
can however not fully be explained by the presence of products of “incomplete” gasi-

fication, CHy and tars, as the results of the theoretical reforming to CO, CO, and H,

suggest.

» The CO, concentration is for most of the experiments performed higher than that pre-
dicted by the thermodynamic equilibrium. The concentrations of H, and CO are on

the other hand consistently lower than this theoretical forecast. A gas with lower

energy contents or heating value is the result indicating that energy has been lost in

the gasification. This apparent loss may be explained by:

a) the presence of light hydrocarbons in the gas which remain unaccounted for by the
gas analysis method used and contain considerable chemical energy (i.e. heating
value);

b) the fact that some of the fuel’s energy must be converted to heat to compensate for
the energy losses in the reactor which is operated in autothermal and not adiabatic

mode as assumed for the thermodynamic calcualtions.
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For all fuels studied, an evolution of the tar composition towards a composition made
up solely of benzene and unsubstituted PAHs is observed as ER is increased. Phenolic

compounds virtually disappear above ER = 0.3.

7.1.2 Tar measurement method

The tar measurement method used in this study yields reproducible results, even with
the inhomogeneous Altholz as fuel.

The manpower and instrumental effort involved in the present method is considerable,
but yields very detailed information on tar composition. For research purposes such a
method is justifiable, but for process control or other applications simpler methods
yielding fast results must be developed.

The fraction of the tars correctly quantified by the method used in the present study is
primarily a function of the ER. Fractions above 85% are correctly quantified at ER >
0.3. This fraction drops to 60-70% at low ER, still the majority of the tar components
present. To increase the fraction of correctly quantifiable compounds a very large
number of substances should be included in the GC/MSD method. The manpower and

instrumental effort required for this amelioration should not be underestimated.

7.1.3 SCW versus AH as fuel

The gas composition for both fuels is very similar when gasification is performed in
air. However, in steam/oxygen mixtures, the AH gas composition shows a marked
effect of the water-gas shift reaction, yielding comparably lower CO and higher CO,
and H, concentrations.

Both fuels SCW and AH yield essentially the same gas amount in either gasification
agent. Their thermal behaviour is furthermore the same (i.e. same Ty for a given
ER).

Under the same experimental conditions (ER/Tpg.q), Altholz yields lower tar concen-
trations in the gas than SCW. This observation is true for both gasification agents
studied here, air and steam/oxygen mixtures.

Using air as gasification agent, the concentrations of all tar classes are lower for AH

in comparison to SCW at ER > 0.3. At low ER (ca 0.2) all tar classes show similar
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concentrations for both fuels, with the exception of much higher concentrations of
phenolic compounds for SCW.

In steam/oxygen mixtures the evolution of the tar components concentrations in func-
tion of the ER for both fuels is even more alike. An exception are benzene and phe-
nolic compounds observed in higher concentrations for the gasification of SCW, the

latter however only at low ERs.

7.1.4 Gasification agent

The thermal behaviour of the wood fuels (AH and SCW) is not influenced by the gasi-
fication agent.

In the case of AH, a clear influence of the homogeneous water-gas shift reaction on
the gas composition is observed when gasification is carried out in steam/oxygen mix-
tures.

Air gasification results in larger product gas volumes.

Tar concentrations are identical for either gasification agent (separetely for both

woody fuels studied) if the dilution effect by N, and H,O is compensated, i.e. when

the dry, inert-free concentrations are considered.

The tar composition is not influenced by the gasification agent used.

7.1.5 Steam to biomass ratio

Higher steam input to the reactor results in lower operating temperatures.

The gas composition is affected by higher amounts of steam in the gasification agent.
Additional steam shows an oxidative behaviour on the gas components.

On a dry, inert-free basis the tar amounts remain the same when increasing the steam
to biomass ratio. On a raw basis of course smaller tar concentrations will be measured
due to the dilution by larger steam amounts.

Higher steam to biomass ratios do only marginally reduce the concentrations of the
main tar components (benzene and naphthalene) but do reduce the concentrations of

larger PAH significantly.
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7.1.6 Plastics admixture to the AH fuel

The thermal behaviour of AH/plastics mixtures is observed to diverge from that of
AH alone in autothermal gasification in steam/oxygen mixtures. The exact cause of
this diversion cannot clearly be established from the data gathered in this study.

Only minor differences are observed in the concentration of the gas components CO

and CO, with PE admixture to the fuel. A decrease in H, concentration at high PE
level and a very small increase in CH,4 concentrations can be established. The pres-

ence of light hydrocarbons in the gas could however not properly be determined, and
these could contain a significant amount of both hydrogen and carbon.

In the case of PS admixture, CO and CO, are also not strongly affected. Again a
decrease of H2 concentrations for high plastic level in the fuel is observed. CH,4 con-

centrations are lowered by the presence of PS in the fuel, in contrast to PE admixture.
No large influence of the PE in the fuel on the amount of gas produced could be regis-
tered. However the presence of light hydrocarbons could change this observation. The
PS admixture lowers the amount of gas produced.

Total tar amounts are increased by the addition of PE to the fuel. The increase is a
function of the PE level in the fuel. At high ER and low PE level in the fuel the tar
concentrations do however become almost identical.

PS admixture does drastically increase the tar amounts in the products and the
increase is a function of the amount of PS in the fuel. This increase could explain the
lower gas amounts produced by this mixture. Also here the increase in tar concentra-
tion is observed to become less pronounced with increasing ER.

The concentrations of benzene and PAHs are increased by the addition of PE for a
given ER. Phenolic compounds are reduced by PE admixture.

For PS an increase is observed in the concentrations of all aromatic compounds. Ben-
zene and larger unsubstituted PAHs are present in larger concentrations at all ERs. 1
ringed and 2 ringed aromatics are drastically increased at low ERs only and under

these conditions phenolic compounds are present in lower concentrations.

7.1.7 Effect of aging/particle size

The aging simulation process applied to SCW yielded results identical to the original

SCW fuel. Most probably the procedure employed was not appropriate to simulate the
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aging process. The hypothesis of the influence of the age of the AH on the tar
amounts can neither be confirmed nor rejected by the results obtained.

* Smaller fuel particle size does only marginally influence the gas composition and gas
yields.

» The tar concentrations are increased when smaller fuel is gasified. Notably benzene
concentrations are increased at a given ER when the smaller fuel is used. The hypoth-
esis that the smaller particle size of AH could explain the lower tar amounts is clearly

rejected.
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7.2 Recommendations for further research

Some interesting study points and recommendations for future research based on

the author’s experience and the results obtained in the present study are presented below.

» Systematic study of the influence of heavy metals (and other) AH contaminants on the
gas composition and tar amounts. This study should be carried out by selectively add-
ing heavy metals to SCW. In-depth elemental analysis of the fuels used in this study
should precede these experiments.

* Proper study of the freeboard phenomena. Tar and solids concentrations should be
studied at different locations of the gasifier’s freeboard.

» Study of the influence of ER and T4 separately on tar amount and composition is

recommended. The fuel moisture is an important operational parameter for an auto-

thermal full-scale gasifier and in turn influences the combination ER/Tgg.

» Light hydrocarbons in the gas should be included in a gas composition measurement
method. The concentration of these components is of interest when gasification is car-
ried out in steam/oxygen mixtures (as required for synthesis gas generation) and espe-
cially when potential precursors such as polyethylene are present in the fuel (as would
be the case in a BIOMETH plant).

* The combined influence of different plastic types in the fuel should be studied. Litera-
ture data on the co-pyrolysis of PE and PS suggests that the composition (and possibly
also the amount) of tar components cannot simply be deduced from the results of gas-
ifying single plastics.

* The study of industrial waste plastics (i.e. such as they will be encountered in the
Biometh plant) should be considered. Just as differences are observed between the
ideal biomass “SCW” and the waste wood fuel “AH”, a diverse behaviour can be
expected between ideal, clean plastics and waste plastics.

* The thermochemistry of the gasification of AH or SCW and plastics mixtures should
be studied. The presence of the plastics in the fuel may lead to dangerous, diverging

operational conditions (too high temperatures) in a full-scale autothermal gasifier.
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APPENDIX A: TAR DATA

The raw tar data from all experiments according to the final experimental plan
(see page 128) is reported in this appendix. The concentration data is given in milligrams

tar compound per normal cubic meter (m3 N) of wet, tar containing product gas.
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Table A.1: Concentrations of tar compounds for experiment 990903.

Tar species 990903A 990903B 990903C
Benzene 4228 8281 9584
Toluene 2632 2360 328
Ethylbenzene 214 9 1
p&m-Xylene 860 387 10
o-Xylene 202 66 1
Styrene 863 1030 300
3-Ethyltoluene 54 2 0
4-Ethyltoluene 27 1 0
2-Ethyltoluene 23 0 0
Phenol 3348 1590 13
o-Methylstyrene 72 15 1
3&2-Methylstyrene 246 117 7
4-Methylstyrene 117 55 4
2,3-Benzofuran 255 272 8
0-Cresol 1029 52 0
Indene 823 1443 358
p-Cresol 1240 77 0
m-Cresol 1102 159 0
Naphthalene 673 2445 2804
2-Methylnaphthalene 308 368 58
1-Methylnaphthalene 221 251 35
Biphenyl 58 173 137
Acenaphthylene 216 807 874
Acenaphthene 38 33 11
Dibenzofuran 43 153 115
Fluorene 75 307 163
Phenanthrene 101 478 690
Anthracene 50 209 186
Fluoranthene 30 160 308
Pyrene 33 162 288
Benz[a]anthracene 16 74 87
Chrysene 10 56 95
Benz[e]acephenanthrylene 5 24 39
Benzo[k]fluoranthene 4 32 53
Benzo[a]pyrene 9 48 79
Perylene 2 6 13
Dibenzo[ah]anthracene 2 6 12
Indenol[1,2,3-cd]pyrene 5 18 40
Benzo[ghi]perylene 3 14 34
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Table A.2: Concentrations of tar compounds for experiment 000125.

Tar species 000125A 000125B 000125C
Benzene 4806 11134 11568
Toluene 3138 2055 188
Ethylbenzene 255 4 0
p&m-Xylene 1180 221 3
o-Xylene 269 32 1
Styrene 1169 898 267
3-Ethyltoluene 65 1 0
4-Ethyltoluene 34 0 0
2-Ethyltoluene 24 0 0
Phenol 4493 775 14
o-Methylstyrene 96 5 1
3&2-Methylstyrene 359 66 3
4-Methylstyrene 165 29 1
2,3-Benzofuran 342 188 2
0-Cresol 1243 8 0
Indene 1138 1246 294
p-Cresol 1563 11 1
m-Cresol 1348 42 0
Naphthalene 1007 3403 3540
2-Methylnaphthalene 455 314 48
1-Methylnaphthalene 322 196 35
Biphenyl 93 254 138
Acenaphthylene 362 1051 1112
Acenaphthene 58 29 16
Dibenzofuran 71 225 139
Fluorene 122 373 172
Phenanthrene 174 848 1035
Anthracene 80 300 233
Fluoranthene 56 314 606
Pyrene 62 291 584
Benz[a]anthracene 30 135 140
Chrysene 20 112 164
Benz[e]acephenanthrylene 11 57 98
Benzo[k]fluoranthene 9 69 107
Benzo[a]pyrene 18 86 184
Perylene 4 13 36
Dibenzo[ah]anthracene 3 14 25
Indenol[1,2,3-cd]pyrene 9 41 105
Benzo[ghi]perylene 6 30 100
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Table A.3: Concentrations of tar compounds for experiment 000201.

Tar species 000201A 000201B 000201C
Benzene 5265 10792 10840
Toluene 3179 2306 237
Ethylbenzene 264 6 1
p&m-Xylene 1102 270 4
o-Xylene 256 42 1
Styrene 1270 1010 302
3-Ethyltoluene 58 1 0
4-Ethyltoluene 29 0 0
2-Ethyltoluene 22 0 0
Phenol 4317 1007 17
o-Methylstyrene 93 7 1
3&2-Methylstyrene 360 80 3
4-Methylstyrene 157 36 1
2,3-Benzofuran 368 242 3
0-Cresol 1085 13 0
Indene 1171 1347 339
p-Cresol 1274 19 1
m-Cresol 1092 59 0
Naphthalene 1129 3330 3558
2-Methylnaphthalene 463 344 55
1-Methylnaphthalene 333 225 40
Biphenyl 111 261 150
Acenaphthylene 387 1048 1117
Acenaphthene 62 33 17
Dibenzofuran 81 229 156
Fluorene 130 372 190
Phenanthrene 203 870 1085
Anthracene 92 305 253
Fluoranthene 67 319 628
Pyrene 75 304 598
Benz[a]anthracene 37 147 158
Chrysene 24 130 184
Benz[e]acephenanthrylene 13 58 99
Benzo[k]fluoranthene 11 69 112
Benzo[a]pyrene 21 90 188
Perylene 4 12 33
Dibenzo[ah]anthracene 3 12 24
Indenol[1,2,3-cd]pyrene 9 40 102
Benzo[ghi]perylene 6 28 92

A-4



Appendix A: Tar data

Table A.4: Concentrations of tar compounds for experiment 000330.

Tar species 000330A 000330B 000330C
Benzene 5966 13343 13314
Toluene 3637 2393 151
Ethylbenzene 319 4 0
p&m-Xylene 1346 249 2
o-Xylene 309 36 0
Styrene 1412 1070 248
3-Ethyltoluene 78 0 0
4-Ethyltoluene 41 0 0
2-Ethyltoluene 29 0 0
Phenol 4843 814 13
o-Methylstyrene 114 6 1
3&2-Methylstyrene 416 74 2
4-Methylstyrene 188 32 1
2,3-Benzofuran 375 216 1
0-Cresol 1441 9 0
Indene 1288 1387 268
p-Cresol 1805 10 0
m-Cresol 1391 37 0
Naphthalene 1090 3690 3489
2-Methylnaphthalene 486 343 42
1-Methylnaphthalene 345 216 31
Biphenyl 103 285 134
Acenaphthylene 380 1165 1186
Acenaphthene 63 33 15
Dibenzofuran 81 265 133
Fluorene 126 393 152
Phenanthrene 178 957 1038
Anthracene 79 320 206
Fluoranthene 55 336 615
Pyrene 62 310 592
Benz[a]anthracene 30 154 140
Chrysene 19 123 168
Benz[e]acephenanthrylene 11 65 99
Benzo[k]fluoranthene 9 77 118
Benzo[a]pyrene 18 93 193
Perylene 3 13 35
Dibenzo[ah]anthracene 3 14 23
Indenol[1,2,3-cd]pyrene 9 43 107
Benzo[ghi]perylene 6 30 103
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Table A.5: Concentrations of tar compounds for experiment 981029.

Tar species 981029A 981029B 981029C
Benzene 3572 6199 8731
Toluene 2210 1485 207
Ethylbenzene 213 1 2
p&m-Xylene 773 197 3
o-Xylene 170 32 1
Styrene 923 679 159
3-Ethyltoluene 48 0 0
4-Ethyltoluene 22 0 0
2-Ethyltoluene 20 0 0
Phenol 2556 215 3
o-Methylstyrene 72 5 0
3&2-Methylstyrene 211 49 6
4-Methylstyrene 84 22 2
2,3-Benzofuran 202 98 1
0-Cresol 763 0 0
Indene 733 715 102
p-Cresol 656 8 0
m-Cresol 703 10 0
Naphthalene 685 1794 1700
2-Methylnaphthalene 286 197 18
1-Methylnaphthalene 213 132 12
Biphenyl 63 123 64
Acenaphthylene 200 556 391
Acenaphthene 34 14 5
Dibenzofuran 37 81 40
Fluorene 55 161 32
Phenanthrene 155 397 322
Anthracene 41 104 49
Fluoranthene 55 108 110
Pyrene 49 108 99
Benz[a]anthracene 17 39 21
Chrysene 16 43 30
Benz[e]acephenanthrylene 7 17 13
Benzo[k]fluoranthene 7 22 15
Benzo[a]pyrene 11 31 20
Perylene 2 4 4
Dibenzo[ah]anthracene 2 5 3
Indenol[1,2,3-cd]pyrene 7 15 12
Benzo[ghi]perylene 5 12 11
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Table A.6: Concentrations of tar compounds for experiment 990615.

Tar species 990615A 990615B
Benzene 5710 5844
Toluene 3227 3100
Ethylbenzene 239 218
p&m-Xylene 1048 985
o-Xylene 229 214
Styrene 1242 1142
3-Ethyltoluene 51 46
4-Ethyltoluene 22 21
2-Ethyltoluene 18 15
Phenol 3684 3564
o-Methylstyrene 88 82
3&2-Methylstyrene 290 266
4-Methylstyrene 112 105
2,3-Benzofuran 279 274
0-Cresol 1040 901
Indene 1070 1028
p-Cresol 905 793
m-Cresol 1017 923
Naphthalene 1012 1012
2-Methylnaphthalene 412 397
1-Methylnaphthalene 296 283
Biphenyl 97 98
Acenaphthylene 336 320
Acenaphthene 45 42
Dibenzofuran 71 73
Fluorene 138 148
Phenanthrene 290 279
Anthracene 71 65
Fluoranthene 125 111
Pyrene 102 87
Benz[a]anthracene 36 29
Chrysene 34 29
Benz[e]acephenanthrylene 17 14
Benzo[k]fluoranthene 16 13
Benzo[a]pyrene 23 17
Perylene 4 4
Dibenzo[ah]anthracene 3 2
Indenol[1,2,3-cd]pyrene 13 10
Benzo[ghi]perylene 10 7
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Table A.7: Concentrations of tar compounds for experiment 990722.

Tar species 990722A 990722B 990722C
Benzene 3440 8083 10945
Toluene 2091 1930 200
Ethylbenzene 167 32 2
p&m-Xylene 731 270 2
o-Xylene 161 40 1
Styrene 824 717 157
3-Ethyltoluene 40 12 0
4-Ethyltoluene 18 5 0
2-Ethyltoluene 14 3 0
Phenol 2597 370 6
o-Methylstyrene 60 6 0
3&2-Methylstyrene 199 51 2
4-Methylstyrene 80 24 2
2,3-Benzofuran 193 134 1
0-Cresol 732 6 1
Indene 690 894 182
p-Cresol 663 6 1
m-Cresol 756 13 0
Naphthalene 684 2388 2831
2-Methylnaphthalene 294 267 31
1-Methylnaphthalene 207 166 21
Biphenyl 70 182 101
Acenaphthylene 227 677 648
Acenaphthene 31 17 35
Dibenzofuran 54 145 83
Fluorene 98 225 79
Phenanthrene 207 647 780
Anthracene 46 155 115
Fluoranthene 86 193 316
Pyrene 63 165 272
Benz[a]anthracene 22 55 42
Chrysene 22 66 71
Benz[e]acephenanthrylene 10 25 34
Benzo[k]fluoranthene 9 30 39
Benzo[a]pyrene 12 35 46
Perylene 3 5 9
Dibenzo[ah]anthracene 3 7 7
Indenol[1,2,3-cd]pyrene 8 19 27
Benzo[ghi]perylene 5 13 27
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Table A.8: Concentrations of tar compounds for experiment 991214.

Tar species 991214A 991214B 991214C
Benzene 6127 8588 10796
Toluene 3248 1792 222
Ethylbenzene 132 4 0
p&m-Xylene 994 181 2
o-Xylene 206 26 0
Styrene 1328 729 211
3-Ethyltoluene 27 2 0
4-Ethyltoluene 11 0 0
2-Ethyltoluene 7 0 0
Phenol 3403 252 7
o-Methylstyrene 73 3 0
3&2-Methylstyrene 281 49 2
4-Methylstyrene 116 21 1
2,3-Benzofuran 347 158 1
0-Cresol 715 2 0
Indene 1388 1135 234
p-Cresol 687 4 1
m-Cresol 825 8 0
Naphthalene 1598 3339 3419
2-Methylnaphthalene 504 269 38
1-Methylnaphthalene 358 167 28
Biphenyl 144 215 117
Acenaphthylene 566 1026 1063
Acenaphthene 56 21 13
Dibenzofuran 108 197 104
Fluorene 204 366 121
Phenanthrene 420 873 910
Anthracene 141 269 182
Fluoranthene 175 320 481
Pyrene 148 286 451
Benz[a]anthracene 63 113 94
Chrysene 49 112 122
Benz[e]acephenanthrylene 21 46 65
Benzo[k]fluoranthene 21 55 68
Benzo[a]pyrene 31 78 113
Perylene 5 10 24
Dibenzo[ah]anthracene 4 10 13
Indenol[1,2,3-cd]pyrene 13 31 66
Benzo[ghi]perylene 9 24 62
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Table A.9: Concentrations of tar compounds for run 990706B.

Tar species 990706B
Benzene 2842
Toluene 1934
Ethylbenzene 191
p&m-Xylene 726
o-Xylene 161
Styrene 746
3-Ethyltoluene 48
4-Ethyltoluene 23
2-Ethyltoluene 19
Phenol 2884
o-Methylstyrene 62
3&2-Methylstyrene 200
4-Methylstyrene 76
2,3-Benzofuran 177
0-Cresol 856
Indene 568
p-Cresol 829
m-Cresol 918
Naphthalene 546
2-Methylnaphthalene 260
1-Methylnaphthalene 184
Biphenyl 66
Acenaphthylene 182
Acenaphthene 29
Dibenzofuran 58
Fluorene 77
Phenanthrene 209
Anthracene 46
Fluoranthene 95
Pyrene 67
Benz[a]anthracene 25
Chrysene 25
Benz[e]acephenanthrylene 11
Benzo[k]fluoranthene 9
Benzo[a]pyrene 12
Perylene 3
Dibenzo[ah]anthracene 3
Indenol[1,2,3-cd]pyrene 7
Benzo[ghi]perylene 5

For the reasons why the
data of only this one run of
experiment 990706 is pre-
sented see page 254 in
Chapter 6
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Table A.10: Concentrations of tar compounds for experiment 990729.

Tar species 990729A 990729B 990729C
Benzene 2977 4994 10267
Toluene 1935 1355 405
Ethylbenzene 190 8 2
p&m-Xylene 732 252 8
o-Xylene 159 41 1
Styrene 711 630 150
3-Ethyltoluene 43 2 0
4-Ethyltoluene 20 1 0
2-Ethyltoluene 18 0 0
Phenol 2355 482 6
o-Methylstyrene 68 10 0
3&2-Methylstyrene 194 58 3
4-Methylstyrene 73 26 1
2,3-Benzofuran 174 125 5
0-Cresol 730 8 1
Indene 525 565 187
p-Cresol 747 13 1
m-Cresol 745 33 0
Naphthalene 490 1359 1739
2-Methylnaphthalene 218 183 29
1-Methylnaphthalene 159 123 17
Biphenyl 57 120 80
Acenaphthylene 161 391 378
Acenaphthene 23 11 24
Dibenzofuran 51 93 66
Fluorene 64 100 58
Phenanthrene 178 335 397
Anthracene 40 78 71
Fluoranthene 75 106 143
Pyrene 57 80 117
Benz[a]anthracene 20 28 24
Chrysene 18 30 32
Benz[e]acephenanthrylene 8 11 12
Benzo[k]fluoranthene 7 12 14
Benzo[a]pyrene 9 14 15
Perylene 2 2 3
Dibenzo[ah]anthracene 2 3 3
Indenol[1,2,3-cd]pyrene 5 6 9
Benzo[ghi]perylene 4 5 8
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Table A.11: Concentrations of tar compounds for experiment 991005.

Tar species 991005A 991005B 991005C
Benzene 4617 10167 13031
Toluene 2880 2645 153
Ethylbenzene 188 8 1
p&m-Xylene 908 325 2
o-Xylene 197 50 0
Styrene 871 879 171
3-Ethyltoluene 46 1 0
4-Ethyltoluene 21 1 0
2-Ethyltoluene 16 0 0
Phenol 3061 763 7
o-Methylstyrene 78 9 1
3&2-Methylstyrene 253 81 2
4-Methylstyrene 101 36 1
2,3-Benzofuran 235 223 1
0-Cresol 1116 8 0
Indene 823 1206 190
p-Cresol 1055 9 0
m-Cresol 1128 35 0
Naphthalene 929 3105 3503
2-Methylnaphthalene 356 396 33
1-Methylnaphthalene 260 222 23
Biphenyl 90 219 110
Acenaphthylene 334 989 1065
Acenaphthene 40 23 19
Dibenzofuran 74 186 84
Fluorene 116 359 97
Phenanthrene 293 759 877
Anthracene 86 236 154
Fluoranthene 135 252 496
Pyrene 100 219 457
Benz[a]anthracene 44 90 74
Chrysene 36 85 97
Benz[e]acephenanthrylene 15 31 49
Benzo[k]fluoranthene 12 38 55
Benzo[a]pyrene 18 53 88
Perylene 3 6 20
Dibenzo[ah]anthracene 3 7 11
Indenol[1,2,3-cd]pyrene 8 19 51
Benzo[ghi]perylene 6 14 50
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Appendix A: Tar data

Table A.12: Concentrations of tar compounds for experiment 991123.

Tar species 991123A 991123B 991123C
Benzene 11931 16889 11837
Toluene 3692 615 99
Ethylbenzene 101 3 0
p&m-Xylene 751 20 1
o-Xylene 153 4 0
Styrene 1765 852 109
3-Ethyltoluene 14 1 0
4-Ethyltoluene 7 0 0
2-Ethyltoluene 4 0 0
Phenol 2314 13 9
o-Methylstyrene 55 2 1
3&2-Methylstyrene 271 13 2
4-Methylstyrene 112 5 1
2,3-Benzofuran 363 15 0
0-Cresol 279 0 0
Indene 1597 724 121
p-Cresol 286 1 0
m-Cresol 383 1 0
Naphthalene 2666 5074 2628
2-Methylnaphthalene 542 115 22
1-Methylnaphthalene 405 86 18
Biphenyl 223 257 86
Acenaphthylene 786 1385 980
Acenaphthene 70 37 13
Dibenzofuran 127 144 15
Fluorene 247 303 63
Phenanthrene 614 1310 696
Anthracene 206 314 94
Fluoranthene 201 619 496
Pyrene 221 658 585
Benz[a]anthracene 87 159 53
Chrysene 72 177 82
Benz[e]acephenanthrylene 28 81 59
Benzo[k]fluoranthene 32 99 56
Benzo[a]pyrene 53 166 130
Perylene 7 25 34
Dibenzo[ah]anthracene 6 19 9
Indenol[1,2,3-cd]pyrene 19 85 92
Benzo[ghi]perylene 15 81 129
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Appendix A: Tar data

Table A.13: Concentrations of tar compounds for experiment 000215.

Tar species 000215A 000215B 000215C
Benzene 10417 20393 18392
Toluene 5169 3757 383
Ethylbenzene 506 24 2
p&m-Xylene 1478 483 9
o-Xylene 408 85 2
Styrene 1592 2301 843
3-Ethyltoluene 96 4 0
4-Ethyltoluene 49 1 0
2-Ethyltoluene 56 1 0
Phenol 2537 864 13
o-Methylstyrene 111 23 1
3&2-Methylstyrene 457 202 8
4-Methylstyrene 163 81 3
2,3-Benzofuran 219 245 3
0-Cresol 982 17 0
Indene 1051 1625 511
p-Cresol 900 16 1
m-Cresol 865 52 0
Naphthalene 1157 4420 4990
2-Methylnaphthalene 471 496 87
1-Methylnaphthalene 373 351 64
Biphenyl 114 310 266
Acenaphthylene 286 1133 1575
Acenaphthene 50 62 32
Dibenzofuran 56 124 83
Fluorene 123 345 234
Phenanthrene 282 1036 1394
Anthracene 77 304 279
Fluoranthene 111 280 683
Pyrene 94 351 757
Benz[a]anthracene 39 128 153
Chrysene 31 124 186
Benz[e]acephenanthrylene 13 45 86
Benzo[k]fluoranthene 9 51 119
Benzo[a]pyrene 16 100 198
Perylene 3 10 30
Dibenzo[ah]anthracene 2 11 20
Indenol[1,2,3-cd]pyrene 8 35 108
Benzo[ghi]perylene 6 29 114
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Appendix A: Tar data

Table A.14: Concentrations of tar compounds for experiment 991126.

Tar species 991126A 991126B 991126C
Benzene 21905 33407 16888
Toluene 6315 1088 129
Ethylbenzene 333 5 0
p&m-Xylene 599 18 0
0-Xylene 112 2 0
Styrene 20912 1364 82
3-Ethyltoluene 7 1 0
4-Ethyltoluene 4 0 0
2-Ethyltoluene 1 0

Phenol 2394 13 10
o-Methylstyrene 487 2 1
3&2-Methylstyrene 268 16 2
4-Methylstyrene 121 7 1
2,3-Benzofuran 347 15 0
0-Cresol 180 0 0
Indene 2977 948 103
p-Cresol 192 1 0
m-Cresol 296 0 0
Naphthalene 5361 6663 2638
2-Methylnaphthalene 641 134 18
1-Methylnaphthalene 506 90 14
Biphenyl 840 983 193
Acenaphthylene 875 1432 746
Acenaphthene 66 32 10
Dibenzofuran 156 175 18
Fluorene 676 423 56
Phenanthrene 2492 3181 1019
Anthracene 391 422 103
Fluoranthene 317 880 544
Pyrene 257 585 428
Benz[a]anthracene 151 242 66
Chrysene 177 325 109
Benz[e]acephenanthrylene 59 184 97
Benzo[k]fluoranthene 50 119 53
Benzo[a]pyrene 71 169 112
Perylene 9 29 35
Dibenzo[ah]anthracene 22 46 15
Indenol[1,2,3-cd]pyrene 27 96 91
Benzo[ghi]perylene 18 64 78
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Appendix A: Tar data

Table A.15: Concentrations of tar compounds for experiment 991207.

Tar species 991207A 991207B 991207C
Benzene 16831 47841 22415
Toluene 12285 3954 3521
Ethylbenzene 3541 24 1
p&m-Xylene 747 113 0
o-Xylene 151 16 0
Styrene 54065 7169 169
3-Ethyltoluene 34 1 0
4-Ethyltoluene 16 0 0
2-Ethyltoluene 10 0 0
Phenol 2187 100 17
o-Methylstyrene 2442 22 1
3&2-Methylstyrene 401 89 1
4-Methylstyrene 176 39 1
2,3-Benzofuran 226 103 1
0-Cresol 606 1 0
Indene 3324 2162 144
p-Cresol 565 3 1
m-Cresol 614 3 0
Naphthalene 4841 8942 3013
2-Methylnaphthalene 705 324 23
1-Methylnaphthalene 552 229 18
Biphenyl 887 2158 402
Acenaphthylene 448 1238 752
Acenaphthene 67 48 11
Dibenzofuran 74 158 39
Fluorene 654 933 88
Phenanthrene 2419 5933 1563
Anthracene 344 622 142
Fluoranthene 247 841 639
Pyrene 158 506 385
Benz[a]anthracene 129 390 104
Chrysene 129 534 168
Benz[e]acephenanthrylene 35 236 143
Benzo[k]fluoranthene 26 134 75
Benzo[a]pyrene 40 170 120
Perylene 5 24 35
Dibenzo[ah]anthracene 17 84 31
Indenol[1,2,3-cd]pyrene 14 89 102
Benzo[ghi]perylene 9 51 70
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Appendix B: Experimental data

APPENDIX B: EXPERIMENTAL DATA

In this appendix the data collected in the experiments according to the final ex-
perimental plan is given in summarised form. The data is be presented in the same order

as in Table 5.4 on page 131.

B-1



Appendix B: Experimental data

Table B.1: Data for experiment 990903.

Fuel: SCW Gasification agent: Air

Run 990903A 990903B 990903C
Input

Fuel [kg/h] 22.402 16.407 11.602
WH20 Fuel [mass-%R 4] 5.1 5.5 5.5
W Ash,Fuel [mass-%R 4wl 0.22 0.30 0.30
LHVgyq [kJ/kgRraw] 17.971 17.886 17.886
Air [kg/h] 24.513 24.513 24.492
Oxygen [kg/h] 0 0 0
Steam [kg/h] 0 0 0
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.19 0.25 0.36
S/F [ke/kgpyel DAF] 0.05 0.06 0.06
TRed [°C] 708 810 911
Trg [°C] 700 800 900
Output

Solids [kg/h] 0.514 0.287 0.187
W Solids [mass-%R qw] 77.7 48.6 56.1
WH20,Solids [ Mass-Yopay ] 0.9 0.6 1.5
Argon loss  [kg/h] 0.183 0.279 0.295
Gas + Tars  [kg/h] 46.521 40.658 35.916
Gas composition y; pg [vol.-%]

N, 41.1 44.7 49.7
CcoO, 11.3 11.4 12.3
CO 15.8 16.2 12.5
H, 7.6 7.5 6.9
CHy4 5.0 4.4 3.1
Ar 0.6 0.6 0.6
H,0 15.5 11.6 11.9
Tars 3.1 3.7 2.9
PN [kg/m3N] 1.130 1.148 1.171
Y Gas [m3N5DIF /KgFuel.DAF]] 0.983 1.191 1.340
LHVgas [kJ/m3N] 4599 4421 3451
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Appendix B: Experimental data

Table B.1: Data for experiment 990903.

Fuel: SCW Gasification agent: Air
Run 990903A 990903B 990903C

CTur class [mg/ m3N]

Benzene 4228 8281 9584
1 ring 5311 4041 652
Naphthalene 673 2445 2804
2 ring 1409 2235 588
3 ring 479 1835 1924
4+ ring 119 601 1048
Phenol 3348 1590 13
Cresols 3371 287 0
O-heteroar. 298 425 123
Cars Total [mg/m3N] 19235 21740 16735
Y 1ar [g/kgFyel DAF] 37.34 49.83 46.97
LHV 1y [MJ/kg] 37.107 38.906 39.524
My, [kg/kmol] 13.854 13.195 12.950
Tar elemental composition [mass-%]

C 86.7 91.0 92.7
H 7.5 7.2 7.0
O 5.8 1.7 0.2
ufee [%] 46.2 52.4 50.3
NTars [%] 7.3 10.2 9.8
Balances [%]

C 76.0 88.2 93.4
H 85.9 85.9 94.0
O 100.8 94.8 98.3
N 114.1 106.9 103.0
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Appendix B: Experimental data

Table B.2: Data for experiment 000125.

Fuel: SCW Gasification agent: steam/oxygen

Run 000125A 000125B 000125C
Input

Fuel [kg/h] 21.873 14.248 10.786
WH20 Fuel ~ [Mass-Yopay] 7.8 7.7 7.8
W Ash,Fuel [mass-%R ,w] 0.13 0.12 0.12
LHVgyq [kJ/kgRraw] 17.527 17.527 17.527
Air [kg/h] 1.273 1.263 1.269
Oxygen [kg/h] 5.375 5.374 5.381
Steam [kg/h] 5.810 5.807 5.811
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.20 0.30 0.40
S/F [ke/kgpyel DAF] 0.37 0.53 0.67
TRed [°C] 707 841 932
Trg [°C] 700 800 900
Output

Solids [kg/h] 0.411 0.103 0.075
W Solids [mass-%R qw] 66.3 37.3 42.0
WH20,Solids [ Mass-Yopay ] 1.7 4.9 53
Argon loss  [kg/h] 0.042 0.085 0.140
Gas + Tars  [kg/h] 34.181 26.809 23.336
Gas composition y; pg [vol.-%]

N, 3.8 34 3.0
CcoO, 12.2 16.0 17.7
CO 24.5 21.8 17.0
H, 7.0 7.5 7.5
CHy4 5.6 4.4 33
Ar 0.5 0.5 0.5
H,O0 42.4 42.1 47.4
Tars 4.0 4.3 3.6
PN [kg/m3N] 1.014 1.040 1.037
Y Gas [m3N,DIF /KEFuel. DAF] 0.848 1.053 1.110
LHVgas [kJ/m3N] 5838 5132 4158
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Appendix B: Experimental data

Table B.2: Data for experiment 000125.

Fuel: SCW Gasification agent: steam/oxygen
Run 000125A 000125B 000125C

Crar class [mg/ m3N]

Benzene 4806 11134 11568
1 ring 6753 3312 465
Naphthalene 1007 3403 3540
2 ring 2008 2010 515
3 ring 796 2601 2568
4+ ring 230 1160 2149
Phenol 4493 775 14
Cresols 4154 61 2
O-heteroar. 413 413 141
Cars Total [mg/m3N] 24660 24869 20962
Y 1ar [g/kgFyel DAF] 41.27 48.82 47.48
LHV 1y [MJ/kg] 37.043 39.269 39.419
My, [kg/kmol] 13.855 13.053 12.941
Tar elemental composition [mass-%]

C 86.7 92.0 92.8
H 7.5 7.1 6.9
O 5.8 0.8 0.3
ufee [%] 50.1 51.7 48.5
NTars [%] 8.0 10.1 9.8
Balances [%]

C 84.6 96.9 100.3
H 88.7 86.4 92.3
O 105.1 101.3 101.1
N 164.9 115.6 87.8
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Appendix B: Experimental data

Table B.3: Data for experiment 000201.

Fuel: Aged SCW

Gasification agent: steam/oxygen

Run 000201A 000201B 000201C
Input

Fuel [kg/h] 20.316 14.215 10.688
WH20 Fuel ~ [Mass-Yopay] 9.6 9.2 10.0
W Ash,Fuel [mass-%R ,w] 0.19 0.20 0.18
LHVgyq [kJ/kgRraw] 17.527 17.527 17.527
Air [kg/h] 1.271 1.268 1.267
Oxygen [kg/h] 5.382 5.386 5.386
Steam [kg/h] 5.799 5.809 5.809
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.21 0.31 0.41
S/F [ke/kgpyel DAF] 0.42 0.55 0.72
TRed [°C] 729 834 923
Trg [°C] 700 800 900
Output

Solids [kg/h] 0.183 0.092 0.064
W Solids [mass-%R qw] 64.6 53.8 55.9
WH20,Solids [mass-%R 4w ] 4.5 7.6 4.6
Argon loss  [kg/h] 0.046 0.104 0.113
Gas + Tars  [kg/h] 32.842 26.785 23.278
Gas composition y; pg [vol.-%]

N, 4.0 3.6 3.1
CcoO, 12.3 15.8 17.7
CO 23.7 21.0 16.6
H, 6.0 6.4 6.8
CHy4 53 4.3 3.2
Ar 0.5 0.5 0.5
H,O0 443 44.1 48.4
Tars 4.0 4.4 3.6
PN [kg/m3N] 1.020 1.042 1.043
Y Gas [m3N,DIF /KEFuel. DAF] 0.862 1.029 1.122
LHVgas [kJ/m3N] 5517 4873 3989
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Appendix B: Experimental data

Table B.3: Data for experiment 000201.

Fuel: Aged SCW Gasification agent: steam/oxygen
Run 000201A 000201B 000201C

CTur class [mg/ m3N]

Benzene 5265 10792 10840
1 ring 6791 3758 549
Naphthalene 1129 3330 3558
2 ring 2078 2177 583
3 ring 875 2628 2662
4+ ring 270 1210 2220
Phenol 4317 1007 17
Cresols 3451 91 1
O-heteroar. 449 471 159
Cars Total [mg/m3N] 24625 25463 20588
Y 1ar [g/kgFyel DAF] 43.26 50.81 47.86
LHV 1y [MJ/kg] 37.290 39.182 39.382
My, [kg/kmol] 13.771 13.080 12.939
Tar elemental composition [mass-%]

C 87.2 91.8 92.8
H 7.5 7.1 6.9
O 53 1.0 0.3
ufee [%] 48.7 49.0 46.6
NTars [%] 8.3 10.3 9.7
Balances [%]

C 85.3 96.6 101.8
H 88.8 86.7 91.5
O 104.5 101.3 100.8
N 166.6 120.7 89.7
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Appendix B: Experimental data

Table B.4:

Data for experiment 000330.

Fuel: Milled SCW

Gasification agent: steam/oxygen

Run 000330A 000330B 000330C
Input

Fuel [kg/h] 21.997 13.885 9.327
WH20 Fuel ~ [Mass-Yopay] 7.0 7.0 7.0
W Ash,Fuel [mass-%R ,w] 0.50 0.50 0.50
LHVgyq [kJ/kgRraw] 17.527 17.527 17.527
Air [kg/h] 1.266 1.259 1.262
Oxygen [kg/h] 5.391 5.387 5.388
Steam [kg/h] 5.806 5.814 5.814
Argon [kg/h] 0.304 0.761 0.761
ER [-] 0.19 0.31 0.46
S/F [ke/kgpyel DAF] 0.36 0.53 0.75
TRed [°C] 714 842 944
Trg [°C] 700 800 900
Output

Solids [kg/h] 0.141 0.098 0.075
W Solids [mass-%R qw] 51.9 58.1 69.2
WH20,Solids [ Mass-Yopay ] 2.7 15.5 11.6
Argon loss  [kg/h] -0.007 0.522 0.531
Gas + Tars  [kg/h] 34.631 26.487 21.946
Gas composition y; pg [vol.-%]

N, 4.0 3.5 2.8
CcoO, 11.1 15.1 17.8
CO 27.5 24.0 18.6
H, 6.3 7.1 7.1
CHy4 5.8 4.4 3.2
Ar 0.5 0.6 0.7
H,0 40.4 40.3 45.9
Tars 4.6 4.9 3.9
PN [kg/m3N] 1.020 1.042 1.050
Y Gas [m3N,DIF /KEFuel. DAF] 0.878 1.090 1.247
LHVgas [kJ/m3N] 6206 5390 4252
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Appendix B: Experimental data

Table B.4: Data for experiment 000330.

Fuel: Milled SCW

Gasification agent: steam/oxygen

Run 000330A 000330B 000330C
CTur class [mg/ m3N]

Benzene 5966 13343 13314
1 ring 7888 3866 404
Naphthalene 1090 3690 3489
2 ring 2222 2230 475
3 ring 826 2866 2596
4+ ring 226 1258 2193
Phenol 4843 814 13
Cresols 4637 56 0
O-heteroar. 456 481 134
Cars Total [mg/m3N] 28154 28606 22618
Y 1ar [g/kgFyel DAF] 47.00 56.62 54.78
LHV 1y [MJ/kg] 37.183 39.322 39.471
My, [kg/kmol] 13.823 13.050 12.945
Tar elemental composition [mass-%]

C 86.9 92.0 92.8
H 7.5 7.2 7.0
O 5.6 0.8 0.3
ufee [%] 53.2 54.8 53.2
NTars [%] 9.2 11.8 11.4
Balances [%]

C 87.0 102.2 112.6
H 86.5 84.3 89.6
O 104.5 99.8 98.9
N 173.9 116.6 76.3
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Appendix B: Experimental data

Table B.5: Data for experiment 981029.

Fuel: AH Gasification agent: air

Run 981029A 981029B 981029C
Input

Fuel [kg/h] 23.920 14.170 11.388
WH20 Fuel ~ [Mass-Yopay] 4.4 4.4 4.4
W Ash,Fuel [mass-%R 4wl 7.69 7.69 7.69
LHVgyq [kJ/kgRraw] 18.217 18.217 18.217
Air [kg/h] 24.524 24.519 24.522
Oxygen [kg/h] 0.000 0.000 0.000
Steam [kg/h] 0.000 0.000 0.000
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.18 0.31 0.38
S/F [ke/kgpyel DAF] 0.05 0.05 0.05
TRed [°C] 725 849 946
Trg [°C] 700 800 900
Output

Solids [kg/h] 2.041 0.859 0.462
W Solids [mass-%R qw] 44.2 34.1 243
WH20,Solids [ Mass-Yopay ] 0.4 0.6 0.6
Argon loss  [kg/h] 0.155 0.249 0.259
Gas + Tars  [kg/h] 46.552 37.885 35.493
Gas composition y; pg [vol.-%]

N, 422 49.6 53.2
CO, 11.8 12.7 13.0
CO 14.0 11.9 10.2
H, 7.3 6.6 6.7
CHy4 4.1 3.0 2.2
Ar 0.7 0.7 0.7
H,0 17.3 13.1 12.0
Tars 2.6 2.4 2.1
PN [kg/m3N] 1.137 1.177 1.190
Y Gas [m3N5DIF /KEFuel. DAF] 0.937 1.226 1.352
LHVgas [kJ/m3N] 4035 3286 2791
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Appendix B: Experimental data

Table B.5: Data for experiment 981029.

Fuel: AH Gasification agent: air

Run 981029A 981029B 981029C

CTur class [mg/ m3N]

Benzene 3572 6199 8731
1 ring 4746 2469 378
Naphthalene 685 1794 1700
2 ring 1295 1168 196
3 ring 484 1232 799
4+ ring 179 404 336
Phenol 2556 215 3
Cresols 2123 17 0
O-heteroar. 239 180 40
Cars Total [mg/m3N] 15877 13679 12184
Y 1ar [g/kgFyel DAF] 30.93 35.36 36.32
LHV 1y [MJ/kg] 37.516 39.530 39.761
My, [kg/kmol] 13.723 13.025 12.972
Tar elemental composition [mass-%]

C 87.5 92.2 92.6
H 7.5 7.3 7.3
O 4.9 0.5 0.1
ufee [%] 37.4 40.5 39.7
NTars [%] 5.6 6.7 7.0
Balances [%]

C 73.9 84.7 87.0
H 84.5 87.8 90.7
O 105.9 102.5 100.5
N 115.5 107.2 106.6
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Appendix B: Experimental data

Table B.6: Data for experiment 990615.

Fuel: AH Gasification agent: steam/oxygen
Run 990615A 990615B
Input

Fuel [kg/h] 22.400 21.669
WH20 Fuel  [Mass-%oraw] 6.2 6.2
WaAshFuel  [Mass-Yopay] 10.46 10.46
LHVgyq [kJ/kgRraw] 18.217 18.434
Air [kg/h] 1.268 1.265
Oxygen [kg/h] 5.370 5.371
Steam [kg/h] 5.808 5.808
Argon [kg/h] 0.304 0.304
ER [-] 0.20 0.21
S/F [ke/kgpyel DAF] 0.39 0.40
TRed [°C] 732 734
Trg [°C] 700 800
Output

Solids [kg/h] 1.707 1.588
W Solids [mass-%R 4wl 47.9 46.8
WH20,Solids [mass-%R 4w ] 0.0 0.0
Argon loss  [kg/h] 0.080 0.101
Gas + Tars  [kg/h] 33.364 32.728
Gas composition y; pg [vol.-%]

N, 4.7 4.5
CcoO, 18.1 19.5
CcO 14.1 13.4
H, 12.5 12.0
CHy4 53 4.9
Ar 0.4 0.4
H,0 41.1 41.6
Tars 3.8 3.7
PN [kg/m3N] 0.999 1.016
Y Gas [N DIF/kEFuel,DAF] 0.893 0.916
LHV s [kJ/m3N] 5041 4734

B-12



Appendix B: Experimental data

Table B.6: Data for experiment 990615.

Fuel: AH Gasification agent: steam/oxygen
Run 990615A 990615B
CTur class [mg/ m3N]

Benzene 5710 5844
1 ring 6566 6191
Naphthalene 1012 1012
2 ring 1874 1807
3 ring 880 852
4+ ring 382 323
Phenol 3684 3564
Cresols 2962 2617
O-heteroar. 350 347
Cars Total [mg/m3N] 23420 22558
Y rar [&/KgFuel,DAF] 41.87 40.24
LHV 1y [MJ/kg] 37.572 37.641
My, [kg/kmol] 13.691 13.669
Tar elemental composition [mass-%]

C 87.7 87.9
H 7.5 7.5
O 4.8 4.6
ufee [%] 40.3 37.3
NTars [%] 7.2 6.8
Balances [%]

C 84.9 84.4
H 98.2 95.6
O 110.8 111.7
N 176.4 164.3
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Appendix B: Experimental data

Table B.7: Data for experiment 990722.

Fuel: AH Gasification agent: steam/oxygen
Run 990722B 990722C
Input

Fuel [kg/h] 14.350 11.130
WH20 Fuel ~ [Mass-Yopay] 7.6 7.6
W Ash,Fuel [mass-%R ,w] 5.50 5.50
LHVgyq [kJ/kgRraw] 18.124 18.124
Air [kg/h] 1.252 1.250
Oxygen [kg/h] 5.368 5.365
Steam [kg/h] 5.806 5.807
Argon [kg/h] 0.304 0.304
ER [-] 0.30 0.39
S/F [ke/kgpyel DAF] 0.55 0.69
TRed [°C] 828 923
Trg [°C] 800 900
Output

Solids [kg/h] 0.927 0.491
W Solids [mass-%R 4wl 36.8 33.7
WH20,Solids [mass-%R 4w ] 1.6 2.6
Argon loss  [kg/h] 0.173 0.175
Gas + Tars  [kg/h] 25.980 23.190
Gas composition y; pg [vol.-%]

N, 4.2 3.8
CO, 21.7 22.4
CcoO 11.1 8.1
H, 12.8 12.4
CHy4 4.2 33
Ar 0.3 0.4
H,0 42.7 46.7
Tars 3.1 3.0
PN [kg/m3N] 1.025 1.022
Y Gas [N DIF/kEFuel,DAF] 1.061 1132
LHVgas [kJ/m3N] 4274 3530
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Appendix B: Experimental data

Table B.7: Data for experiment 990722.

Fuel: AH Gasification agent: steam/oxygen
Run 990722B 990722C
CTur class [mg/ m3N]

Benzene 8083 10945
1 ring 3091 366
Naphthalene 2388 2831
2 ring 1509 335
3 ring 1720 1657
4+ ring 612 888
Phenol 370 6
Cresols 25 2
O-heteroar. 279 85
Cars Total [mg/m3N] 18078 17115
Y rar [&/KgFuel,DAF] 36.74 40.13
LHV 1y [MJ/kg] 39.447 39.599
My, [kg/kmol] 13.039 12.958
Tar elemental composition [mass-%]

C 92.1 92.7
H 7.3 7.1
O 0.6 0.2
ufee [%] 40.9 39.0
NTars [%] 7.0 7.6
Balances [%]

C 89.6 92.3
H 93.8 99.4
O 104.3 104.1
N 125.8 104.1
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Appendix B: Experimental data

Table B.8: Data for experiment 991214.

Fuel: AH Gasification agent: steam/oxygen

Run 991214A 991214B 991214C
Input

Fuel [kg/h] 21.147 15.492 12.092
WH20 Fuel ~ [Mass-Yopay] 7.3 7.2 7.3
W Ash,Fuel [mass-%R ,w] 5.74 8.51 7.59
LHVgyq [kJ/kgRraw] 18.217 18.217 18.217
Air [kg/h] 1.259 1.261 1.257
Oxygen [kg/h] 5.375 5.376 5.377
Steam [kg/h] 5.812 5.813 5.813
Argon [kg/h] 0.304 0.304 0.456
ER [-] 0.21 0.29 0.37
S/F [ke/kgpyel DAF] 0.40 0.53 0.65
TRed [°C] 732 832 922
Trg [°C] 700 800 900
Output

Solids [kg/h] 1.444 0.796 0.712
W Solids [mass-%R qw] 943 30.9 25.5
WH20,Solids [ Mass-Yopay ] 0.3 1.0 0.7
Argon loss  [kg/h] 0.017 -0.036 0.134
Gas + Tars  [kg/h] 32.437 27.487 24.150
Gas composition y; pg [vol.-%]

N, 4.0 4.1 3.7
CO, 15.5 17.4 18.7
CO 20.3 17.8 13.1
H, 8.5 9.5 11.9
CHy4 5.1 4.4 3.5
Ar 0.5 0.8 0.8
H,0 42.1 42.5 44.9
Tars 4.1 3.6 33
PN [kg/m3N] 1.024 1.031 1.008
Y Gas [m3N,DIF /KEFuel. DAF] 0.890 1.066 1.118
LHVgas [kJ/m3N] 5289 4857 4187
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Appendix B: Experimental data

Table B.8: Data for experiment 991214.

Fuel: AH Gasification agent: steam/oxygen

Run 991214A 991214B 991214C

CTur class [mg/ m3N]

Benzene 6127 8588 10796
1 ring 6424 2807 438
Naphthalene 1598 3339 3419
2 ring 2393 1786 417
3 ring 1386 2555 2289
4+ ring 538 1086 1560
Phenol 3403 252 7
Cresols 2228 14 1
O-heteroar. 455 356 105
Cars Total [mg/m3N] 24553 20782 19031
Y 1ar [g/kgFyel DAF] 42.31 42.45 44.30
LHV 1y [MJ/kg] 37.892 39.376 39.470
My, [kg/kmol] 13.552 12.998 12.942
Tar elemental composition [mass-%]

C 88.6 92.4 92.8
H 7.4 7.1 7.0
O 4.0 0.5 0.2
ufee [%] 42.5 45.0 44.7
NTars [%] 7.7 7.7 8.2
Balances [%]

C 94.3 95.0 96.5
H 88.4 91.9 98.9
O 107.4 105.5 103.3
N 142.6 129.0 107.9
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Appendix B: Experimental data

Table B.9: Data for experiment 990729.

Fuel: AH Gasification agent: steam/oxygen

Run 990729A 990729B 990729C
Input

Fuel [kg/h] 22.153 14.135 10.603
WH20 Fuel [mass-%R 4] 7.6 7.6 7.6
W Ash,Fuel [mass-%R 4wl 5.50 5.50 5.50
LHVgyq [kJ/kgRraw] 18.124 18.124 18.124
Air [kg/h] 1.260 1.261 1.268
Oxygen [kg/h] 5.373 5.369 5.375
Steam [kg/h] 11.601 11.601 11.610
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.20 0.31 0.41
S/F [ke/kgpyel DAF] 0.69 1.03 1.35
TRed [°C] 699 804 899
Trg [°C] 700 800 900
Output

Solids [kg/h] 2.435 1.207 0.692
W Solids [mass-%R qw] 50.7 41.5 38.6
WH20,Solids [ Mass-Yopay ] 0.0 1.1 34
Argon loss  [kg/h] 0.175 0.217 0.213
Gas + Tars  [kg/h] 38.082 31.247 28.255
Gas composition y; pg [vol.-%]

N, 2.5 2.9 2.6
CO, 13.3 16.8 16.8
CO 94 9.2 6.0
H, 7.0 9.5 8.3
CHy4 3.2 2.9 2.1
Ar 0.2 0.2 0.2
H,0 62.1 56.5 61.5
Tars 23 2.0 2.5
PN [kg/m3N] 0.957 0.981 0.972
Y Gas [m3N,DIF /KEFuel. DAF] 0.623 0.957 0.990
LHVgas [kJ/m3N] 3098 3211 2403
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Appendix B: Experimental data

Table B.9: Data for experiment 990729.

Fuel: AH Gasification agent: steam/oxygen

Run 990729A 990729B 990729C
Crar class [mg/ m3N]

Benzene 2977 4994 10267
1 ring 4142 2383 569
Naphthalene 490 1359 1739
2 ring 958 991 314
3 ring 467 915 927
4+ ring 206 298 379
Phenol 2355 482 6
Cresols 2222 54 1
O-heteroar. 225 218 71
Cars Total [mg/m3N] 14042 11696 14274
Y 1ar [g/kgFyel DAF] 29.03 30.33 45.01
LHV 1y [MJ/kg] 37.269 39.291 39.776
My, [kg/kmol] 13.801 13.110 12.981
Tar elemental composition [mass-%]

C 87.0 91.6 92.5
H 7.5 7.3 7.3
O 54 1.1 0.1
ufee [%] 30.3 39.5 35.8
NTars [%] 52 5.7 8.6
Balances [%]

C 72.8 90.6 94.4
H 100.1 93.8 98.8
O 110.3 103.1 102.7
N 112.2 111.4 89.7
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Appendix B: Experimental data

Table B.10: Data for run 990706B.

Fuel: AH Gasification agent: steam/oxygen

Run 990706B

Input For the reasons why

Fuel [kg/h] 22 340 the data of only this
one run of experiment

WH20,Fuel  [Mass-Yoray] 6.6 990706 is presented

WashFuel  [Mass-Yopay] 5.38 see page 254 in Chap-

LHVpe  [KV/kEraw] 18.330 ter 6

Air [kg/h] 1.268

Oxygen [kg/h] 5.374

Steam [kg/h] 11.620

Argon [kg/h] 0.304

ER [-] 0.19

S/F [kg/kgpyel, DAF] 0.67

Thed [°C] 691

Trp [°C] 800

Output

Solids [kg/h] 2.428

WCSolids  [Mass-Yogay ] 43.8

WH20,Solids [ Mass-Yopay] 0.0

Argon loss  [kg/h] 0.129

Gas + Tars  [kg/h] 38.349

Gas composition y; pg [vol.-%]

N, 3.2

CcoO, 16.5

CcO 10.0

H, 8.4

CHy 4.2

Ar 0.3

H,O 55.0

Tars 2.5

PN [kg/m’y\] 0.988

Y Gas [N DIF/kEFuel,DAF] 0.753

LHVGas [kJ/m>y] 3662
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Appendix B: Experimental data

Table B.10: Data for run 990706B.

Fuel: AH Gasification agent: steam/oxygen
Run 990706B
CTar class [mg/m3N]

Benzene 2842
1 ring 4186
Naphthalene 546
2 ring 1078
3 ring 542
4+ ring 262
Phenol 2884
Cresols 2603
O-heteroar. 234
CTars,Total [mg/m3 NI 15178
Y Tar [2/kgFuel,DAF] 29.98
LHV 1y [MJ/kg] 36.947
My [kg/kmol] 13.882
Tar elemental composition [mass-%]

C 86.5
H 7.5
O 6.0
lele [“o] 34.2
NTars [%] 53
Balances [%]

C 78.1
H 92.8
O 107.4
N 138.0
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Appendix B: Experimental data

Table B.11: Data for experiment 991005.

Fuel: AH Gasification agent: steam/oxygen

Run 991005A 991005B 991005C
Input

Fuel [kg/h] 14.254 15.899 15.473
WH20 Fuel  [Mass-%oraw] 7.2 7.2 7.2
W Ash,Fuel [mass-%R 4wl 5.19 4.79 5.18
LHVgyq [kJ/kgRraw] 18.204 18.214 18.213
Air [kg/h] 1.243 1.240 1.241
Oxygen [kg/h] 3.476 5.364 7.244
Steam [kg/h] 5.810 5.808 5.812
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.20 0.27 0.37
S/F [ke/kgpyel DAF] 0.55 0.50 0.51
TRed [°C] 674 823 955
Trg [°C] 700 800 900
Output

Solids [kg/h] 1.249 1.043 1.288
W Solids [mass-%R qw] 58.1 36.6 37.8
WH20,Solids [ Mass-Yopay ] 0.1 1.3 3.0
Argon loss  [kg/h] 0.241 0.222 0.214
Gas + Tars  [kg/h] 23.595 27.351 28.572
Gas composition y; pg [vol.-%]

N, 4.5 4.1 4.0
CO, 15.4 18.6 19.7
CO 10.6 11.1 10.8
H, 9.3 15.8 16.3
CHy4 4.8 4.5 3.8
Ar 0.2 0.2 0.2
H,0 51.8 41.7 41.5
Tars 34 4.1 3.6
PN [kg/m3N] 0.974 0.963 0.972
Y Gas [m3N5DIF /KEFuel. DAF] 0.739 0.941 1.037
LHVgas [kJ/m3N] 4066 4718 4485
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Appendix B: Experimental data

Table B.11: Data for experiment 991005.

Fuel: AH Gasification agent: steam/oxygen

Run 991005A 991005B 991005C

CTur class [mg/ m3N]

Benzene 4617 10167 13031
1 ring 5561 4037 331
Naphthalene 929 3105 3503
2 ring 1528 2042 356
3 ring 868 2365 2212
4+ ring 380 814 1447
Phenol 3061 763 7
Cresols 3299 52 0
O-heteroar. 309 409 84
Cars Total [mg/m3N] 20553 23754 20972
Y 1ar [g/kgFyel DAF] 39.87 48.20 45.46
LHV 1y [MJ/kg] 37.374 39.314 39.552
My, [kg/kmol] 13.747 13.068 12.951
Tar elemental composition [mass-%]

C 87.4 91.9 92.7
H 7.5 7.2 7.0
O 5.1 0.9 0.2
ufee [%] 37.2 45.1 45.8
NTars [%] 7.2 9.2 8.7
Balances [%]

C 79.8 85.6 91.5
H 99.9 103.3 106.8
O 108.2 104.1 100.2
N 130.1 137.1 140.4
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Appendix B: Experimental data

Table B.12: Data for experiment 991123.

Fuel: AH +10% PE

Gasification agent:

Run 991123A 991123B 991123C
Input

Fuel [kg/h] 19.214 12.836 9.739
WH20 Fuel ~ [Mass-Yopay] 6.3 6.7 6.5
W Ash,Fuel [mass-%R ,w] 5.71 4.58 4.98
LHVgyq [kJ/kgRraw] 20.398 20.398 20.398
Air [kg/h] 1.261 1.259 1.258
Oxygen [kg/h] 5.368 5.368 5.369
Steam [kg/h] 5.816 5.807 5.811
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.20 0.29 0.39
S/F [ke/kgpyel DAF] 0.42 0.58 0.75
TRed [°C] 796 943 1038
Trg [°C] 700 800 900
Output

Solids [kg/h] 0.908 0.545 0.273
W Solids [mass-%R qw] 36.5 29.5 30.9
WH20,Solids [ Mass-Yopay ] 0.6 1.7 1.5
Argon loss  [kg/h] 0.068 0.099 0.137
Gas + Tars  [kg/h] 30.987 24.930 22.072
Gas composition y; pg [vol.-%]

N, 54 4.6 3.7
CO, 13.7 18.1 18.6
CO 13.7 11.8 8.8
H, 8.9 11.6 16.0
CHy4 5.7 5.1 3.5
Ar 0.4 0.5 0.4
H,0 46.9 43.0 45.8
Tars 5.2 53 3.2
PN [kg/m3N] 0.973 0.992 0.955
Y Gas [m3N,DIF /KEFuel. DAF] 0.659 0.899 1.014
LHVgas [kJ/m3N] 4714 4574 4081
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Appendix B: Experimental data

Table B.12: Data for experiment 991123.

Fuel: AH +10% PE

Gasification agent:

Run 991123A 991123B 991123C
CTur class [mg/ m3N]

Benzene 11931 16889 11837
1 ring 6924 1516 212
Naphthalene 2666 5074 2628
2 ring 2766 1180 246
3 ring 1924 3349 1846
4+ ring 743 2170 1726
Phenol 2314 13 9
Cresols 948 2 0
O-heteroar. 489 160 15
Cars Total [mg/m3N] 30706 30353 18520
Y 1ar [g/kgFyel DAF] 57.84 66.92 49.67
LHV 1y [MJ/kg] 38.877 39.528 39.556
My, [kg/kmol] 13.254 12.948 12.948
Tar elemental composition [mass-%]

C 90.6 92.8 92.8
H 7.4 7.0 7.0
O 2.0 0.2 0.2
ufee [%] 37.1 42.5 46.6
NTars [%] 9.7 11.5 8.5
Balances [%]

C 73.6 88.7 90.5
H 98.6 96.1 108.0
O 110.7 103.6 104.2
N 199.9 140.0 104.2
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Appendix B: Experimental data

Table B.13: Data for experiment 000215.

Fuel: AH +20% PE

Gasification agent: steam/oxygen

Run 000125A 000125B 000125C
Input

Fuel [kg/h] 23.178 14.412 9.938
WH20 Fuel ~ [Mass-Yopay] 5.5 6.1 5.7
W Ash,Fuel [mass-%R ,w] 5.69 6.20 4.86
LHVgyq [kJ/kgRraw] 22.578 22.578 22.578
Air [kg/h] 1.269 1.267 1.263
Oxygen [kg/h] 5.390 5.398 5.395
Steam [kg/h] 5.810 5.801 5.803
Argon [kg/h] 1.521 1.521 1.521
ER [-] 0.15 0.24 0.34
S/F [ke/kgpyel DAF] 0.34 0.53 0.72
TRed [°C] 670 788 901
Trg [°C] 700 800 900
Output

Solids [kg/h] 1.247 0.553 0.383
W Solids [mass-%R qw] 54.1 35.5 26.5
WH20,Solids [ Mass-Yopay ] 0.6 1.4 0.8
Argon loss  [kg/h] 0.625 1.046 1.062
Gas + Tars  [kg/h] 35.296 26.800 22.476
Gas composition y; pg [vol.-%]

N, 7.1 6.1 5.2
CcoO, 12.4 14.4 16.7
CO 19.3 17.4 14.0
H, 53 6.0 6.9
CHy4 6.6 5.7 4.5
Ar 1.5 1.1 1.2
H,0 42.8 42.5 46.0
Tars 5.1 6.9 5.5
PN [kg/m3N] 1.026 1.023 1.029
Y Gas [m3N,DIF /KEFuel. DAF] 0.681 0.828 0.981
LHVgas [kJ/m3N] 5383 4875 4135
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Appendix B: Experimental data

Table B.13: Data for experiment 000215.

Fuel: AH + 20% PE Gasification agent: steam/oxygen
Run 000125A 000125B 000125C

CTur class [mg/ m3N]

Benzene 10417 20393 18392
1 ring 10085 6962 1252
Naphthalene 1157 4420 4990
2 ring 2009 2782 928
3 ring 819 2881 3513
4+ ring 332 1163 2455
Phenol 2537 864 13
Cresols 2748 84 1
O-heteroar. 276 369 85
Cars Total [mg/m3N] 30380 39920 31630
Y 1ar [g/kgFyel DAF] 50.82 82.77 77.75
LHV 1y [MJ/kg] 38.629 39.558 39.542
My, [kg/kmol] 13.442 13.045 12.945
Tar elemental composition [mass-%]

C 89.4 92.1 92.8
H 7.7 7.4 7.0
O 2.9 0.6 0.2
ufee [%] 344 37.7 39.0
NTars [%] 7.7 12.7 12.2
Balances [%]

C 72.0 86.7 93.5
H 80.5 83.9 88.2
O 114.3 105.4 102.2
N 277.2 192.2 139.4
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Appendix B: Experimental data

Table B.14: Data for experiment 991126.

Fuel: AH + 10% PS

Gasification agent: steam/oxygen

Run 991126A 991126B 991126C
Input

Fuel [kg/h] 19.760 13.777 9.310
WH20 Fuel  [Mass-%oraw] 6.1 6.1 4.4
W Ash,Fuel [mass-%R 4wl 9.14 6.33 7.69
LHVgyq [kJ/kgRraw] 20.034 20.034 20.034
Air [kg/h] 1.264 1.260 1.259
Oxygen [kg/h] 5.367 5.368 5.282
Steam [kg/h] 5.803 5.812 5.820
Argon [kg/h] 0.761 0.761 0.761
ER [-] 0.20 0.28 0.42
S/F [ke/kgpyel DAF] 0.42 0.55 0.76
TRed [°C] 802 930 1024
Trg [°C] 700 800 900
Output

Solids [kg/h] 1.227 0.814 0.375
W Solids [mass-%R qw] 33.2 24.1 22.4
WH20,Solids [ Mass-Yopay ] 0.3 0.0 1.0
Argon loss  [kg/h] 0.293 0.411 0.400
Gas + Tars  [kg/h] 31.434 25.753 21.658
Gas composition y; pg [vol.-%]

N, 4.2 43 4.2
CcoO, 13.3 18.4 20.9
CcO 12.6 10.2 8.1
H, 10.8 11.4 13.4
CHy4 4.6 4.0 2.8
Ar 0.8 0.8 1.0
H,0 41.7 41.7 45.5
Tars 12.1 9.2 4.1
PN [kg/m3N] 0.933 0.984 1.003
Y Gas [m3N,DIF /KEFuel. DAF] 0.612 0.810 1.055
LHVgas [kJ/mgN] 4400 3954 3466
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Appendix B: Experimental data

Table B.14: Data for experiment 991126.

Fuel: AH + 10% PS

Gasification agent: steam/oxygen

Run 991126A 991126B 991126C
CTur class [mg/ m3N]

Benzene 21905 33407 16888
1 ring 29159 2501 214
Naphthalene 5361 6663 2638
2 ring 4963 2154 329
3 ring 4501 5490 1934
4+ ring 1158 2740 1627
Phenol 2394 13 10
Cresols 668 1 0
O-heteroar. 503 190 18
Cars Total [mg/m3N] 70613 53159 23657
Y 1ar [g/kgFyel DAF] 142.04 115.33 62.44
LHV 1y [MJ/kg] 39.583 39.643 39.679
My, [kg/kmol] 13.098 12.960 12.966
Tar elemental composition [mass-%]

C 91.7 92.7 92.6
H 7.5 7.2 7.2
O 0.8 0.2 0.2
ufee [%] 34.6 35.5 39.2
NTars [%] 23.8 20.0 10.9
Balances [%]

C 86.5 90.0 92.7
H 107.8 99.5 103.8
O 107.9 103.7 104.2
N 163.8 133.6 111.9

B-29



Appendix B: Experimental data

Table B.15: Data for experiment 991207.

Fuel: AH +20% PE

Gasification agent: steam/oxygen

Run 991207A 991207B 991207C
Input

Fuel [kg/h] 22.971 14.438 10.108
WH20 Fuel ~ [Mass-Yopay] 5.8 5.9 5.5
W Ash,Fuel [mass-%R ,w] 7.16 3.83 3.20
LHVgyq [kJ/kgRraw] 21.850 21.850 21.850
Air [kg/h] 1.263 1.260 1.249
Oxygen [kg/h] 5.378 5.377 5.385
Steam [kg/h] 5.811 5.801 5.810
Argon [kg/h] 0.304 0.304 0.304
ER [-] 0.16 0.24 0.34
S/F [ke/kgpyel DAF] 0.36 0.51 0.69
TRed [°C] 699 841 970
Trg [°C] 700 800 900
Output

Solids [kg/h] 1.567 0.717 0.235
W Solids [mass-%R qw] 40.7 27.5 28.0
WH20,Solids [ Mass-Yopay ] 0.4 0.5 1.6
Argon loss  [kg/h] 0.211 0.274 0.285
Gas + Tars  [kg/h] 33.950 26.189 22.337
Gas composition y; pg [vol.-%]

N, 3.7 4.1 4.6
CO, 11.7 15.9 18.1
CO 12.9 11.9 8.4
H, 5.0 8.4 11.8
CHy4 3.6 33 1.9
Ar 0.2 0.1 0.1
H,0 44.1 41.7 49.1
Tars 18.8 14.7 59
PN [kg/m3N] 0.935 0.964 0.973
Y Gas [m3N,DIF /KEFuel. DAF] 0.460 0.689 0.866
LHVgas [kJ/m3N] 3464 3575 3030
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Appendix B: Experimental data

Table B.15: Data for experiment 991207.

Fuel: AH + 20% PE Gasification agent: steam/oxygen
Run 991207A 991207B 991207C

Crar class [mg/ m3N]

Benzene 16831 47841 22415
1 ring 73868 11428 3694
Naphthalene 4841 8942 3013
2 ring 5469 4874 588
3 ring 3932 8774 2556
4+ ring 809 3059 1872
Phenol 2187 100 17
Cresols 1785 6 1
O-heteroar. 300 261 39
Cars Total [mg/m3N] 110022 85284 34195
Y 1ar [g/kgFyel DAF] 199.76 177.84 85.05
LHV 1y [MJ/kg] 39.926 39.719 39.785
My, [kg/kmol] 13.107 12.969 12.989
Tar elemental composition [mass-%]

C 91.6 92.6 92.5
H 7.7 7.3 7.4
O 0.6 0.1 0.2
ufee [%] 22.1 28.1 304
NTars [%] 31.8 29.2 14.1
Balances [%]

C 81.8 87.9 77.6
H 99.7 95.3 104.3
O 112.5 104.6 107.1
N 155.1 132.7 132.0
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Appendix B: Experimental data
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