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Abstract

Tar in the producer gas from biomass gasifiers can cause severe operating problems
if the gas is used as fuel for internal combustion (IC) engines. Secondary measures

such as gas cleaning systems are costly and often do not fulfill the requirements for

IC engine fuel gas quality reliably. Gasification process design and process parame¬

ter optimization with regard to the producer gas quality are an alternative strategy for

approaching the tar problem. Tracking this strategy, knowledge about tar formation

and conversion during thermochemical biomass conversion processes is required.
Tar is generated in the gasifier during pyrolysis of the solid fuel (e.g. wood chips).
This formation of primary tar is unavoidable. However, in the hot zones of biomass

gasification systems, the primary tar vapors are subject to secondary tar reactions

that change both the amount and the composition of the tar. If the major mechanisms

of the secondary tar reactions are known, the tar mass and composition can be con¬

trolled by choosing appropriate reactor conditions. Therefore, secondary reactions of

biomass tar are studied in this thesis.

For this goal, a lab reactor system was constructed that allows the spatially separated

production and conversion of biomass tar. A tarry pyrolysis gas was continuously

produced by pyrolysis ofwood chips (10-40 mm) under fixed-bed biomass gasifica¬
tion conditions, i.e. slow fuel heating rates. By means of a N2 carrier gas flow, the

pyrolysis gas was swept to the adjacent conversion reactors where homogeneous and

heterogeneous secondary tar reactions without the external supply of oxidizing

agents could be investigated. The homogeneous tar conversion was studied in a tu¬

bular flow reactor operated at temperatures from 500-1000°C and with space times

of approximately 0.4 seconds (isothermal space times < 0.2 s). Forthe heterogeneous
tar conversion experiments, a similar tubular reactor was used, filled with wood char

(catalytically active surfaces for tar conversion reactions), and operated at similar

conditions as used for the homogeneous tar conversion experiments. Up and down¬

stream of the tar conversion reactors, the gas species CO, C02, CH4 and H2 were

measured on-line and tar samples were taken by means of a wet chemical sampling
method.

The samples were analyzed by means of gel permeation chromatography with UV-

detection (GPC/UV), gas chromatography coupled with mass spectrometry (GC/

MS) and the gravimetric tar content as well as the water content was determined.

The experimental results showed that, under the reaction conditions chosen for the

experiments, homogeneous secondary tar reactions become important at tempera¬

tures higher than 650°C, which is indicated by the increasing concentrations of the

gases CO, CH4 and H2 in the pyrolysis gas. Carbon monoxide was found to be the

most important gaseous product from homogeneous tar conversion. The gravimetric



tar yield decreases with increasing reactor temperatures during homogeneous tar

conversion. The highest conversion reached during the experiments was 88% at a

reference temperature of 990°C and an isothermal space time of approximately 0.12

seconds. The increasing share of aromatics in the tar with increasing temperatures

could be tracked by means ofthe chromatograms from the GPC/UV analysis. Homo¬

geneous tar conversion leads to the tertiary tar which mainly consists of aromatics,

especially polyaromatic hydrocarbons (PAH). These PAH are probably converted

into soot which is a quantitatively important product from homogeneous secondary
tar reactions.

The experiments concerning heterogeneous tar conversion showed that the presence

ofwood char surfaces accelerates the tar conversion. Compared to the homogeneous

case, no major differences in the change of the tar composition during its conversion

could be ascertained.

The experimental results from the homogeneous tar conversion experiments were

used for the development of kinetic models for the conversion of the gravimetric tar

and the quantitatively important tar constituent acetol. Additionally, the formation of

the tertiary tar compound naphthalene was described by means of a formal kinetic

model.

The findings from the experiments and from the modeling are compared to corre¬

sponding results from investigations of a full-scale, downdraft fixed-bed gasifier. It

could be shown that the reaction conditions for tar in the full-scale gasifier can be

well simulated in the heterogeneous tar conversion experiments with the lab reactor

system. There is strong evidence that the presence of air in the gasifier does not have

a major impact on tar conversion mechanisms.
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Zusammenfassung

Der bei der Vergasung von Biomasse entstehende Teer kann die Nutzung des Pro¬

duktgases in Verbrennungsmotoren erschweren oder verunmöglichen. Gasreini¬

gungssysteme, welche als sekundäre Massnahmen gegen das Teerproblem ein¬

gesetzt werden, sind technisch aufwendig und könnenbis heute die für den Motoren¬

betrieb ausreichende, konstante Gasqualität nicht zuverlässig gewährleisten. Primäre

Massnahmen, wie Prozessoptimierung hinsichtlich der Produktgasqualität und ein

entsprechendes Reaktordesign, sind eine alternative Strategie zur Lösung des Teer¬

problems bei Biomassevergasern. Die Realisierung solcher Massnahmen erfordert

jedoch Kenntnisse über die Mechanismen der Entstehung und Umwandlung des

Teers bei der thermochemischen Umsetzung von Biomasse.

Teer entsteht im Biomassevergaser während der Pyrolyse des festen Brennstoffes

(meist Holzhackschnitzel). Diese Primärteerbildung ist nicht zu vermeiden. Die pri¬
mären Teerdämpfe passierenjedoch in Vergasungssystemen Zonen mit sehr hohen

Temperaturen, wobei die sogenannten sekundären Teerreaktionen ablaufen. Diese

Reaktionen verändern sowohl die Menge als auch die Zusammensetzung des Teers.

Wenn nun also diese Teerumwandlungsmechanismen bekannt sind, können Menge
und Zusammensetzung des Teers durch Steuerung der Reaktionsbedingungen kon¬

trolliert werden. Aus diesem Grund werden in der vorliegenden Arbeit die sekundä¬

ren Teerreaktionen experimentell untersucht.

Zu diesem Zweck wurde ein Laborreaktorsystem konstruiert, welches die räumlich

getrennte Produktion und Umsetzung von Biomasseteer ermöglicht. Durch die lang¬
same Pyrolyse von Holzschnitzeln (10-40 mm) wird unter den Bedingungen eines

realen Festbettvergasers ein teerhaltiges Pyrolysegas erzeugt. Dieses wird mit Hilfe

eines N2-Spülgasstroms in die nachfolgenden Teerumsetzungsreaktoren gespült, wo

homogene und heterogene sekundäre Teerreaktionen ohne externe Zugabe von Oxi-

dationsmitteln untersucht werden können. Die homogene Teerumsetzung wurde in

einem Rohrreaktor durchgeführt, welcher bei verschiedenen Temperaturenvon 500-

1000°C und Raumzeiten des Gases von 0.4 Sekunden (isotherme Raumzeiten < 0.2

s) betrieben wurde. Für die Durchführung der Versuche zur heterogenen Teerumset¬

zung wurde ein ähnlicher Reaktor verwendet, welcher mit Holzkoks (weist für die

Teerkonversion katalytisch aktive Oberflächen auf) gefüllt und bei ähnlichen Bedin¬

gungen (Temperaturen, Raumzeit) wie bei den homogenen Versuchen betrieben

wurde. Vor und nach den Teerumsetzungsreaktoren wurden die Gase CO, C02, CH4
und H2 online gemessen und es wurden Teerproben mittels einer nasschemischen

Methode genommen.

Die Teerproben wurden sowohl mittels Gel-Permeationschromatographie mit UV-

detektion (GPC/UV) als auch mit Gaschromatographie und anschliessender Mas-
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senspektrometrie (GC/MS) analysiert. Zusätzlich wurden der gravimetrische

Teergehalt sowie der Wassergehalt der Proben bestimmt.

Die experimentellen Resultate zeigen, dass unter den gewählten Reaktionsbedingun¬

gen die homogenen sekundären Teerreaktionen ab Temperaturen von 650°C wichtig

werden, was während des Prozesses durch die steigenden Konzentrationen der Gase

CO, CH4 and H2 bemerkbar wird. Kohlenmonoxid ist das quantitativ wichtigste Pro¬

dukt der homogenen Teerumsetzung. Die Ausbeute an gravimetrischem Teer sinkt

mit steigenden Reaktortemperaturen während der homogenen Teerumsetzung. Der

höchste erreichte Teerumsatz betrug 88% bei einer Referenztemperatur von 990°C

und einer isothermen Raumzeit von ca. 0.12 s. Der mit steigender Temperatur stei¬

gende Anteil an Aromaten im Teer konnte durch die Chromatogramme aus der GPC/

UV-Analyse visualisiert werden. Die homogene Teerumsetzung führt zum soge¬

nannten tertiären Teer, welcher hauptsächlich aus Aromaten, vor allem aus Polyaro¬
matischen Kohlenwasserstoffen (PAK) besteht. Die PAK werden dann vermutlich in

Russ umgewandelt, welcher ein quantitativ wichtiges Produkt von homogenen Teer¬

reaktionen darstellt.

Die Experimente zur heterogenen Teerkonversion zeigen, dass die Anwesenheit von

Holzkoksoberflächen die Teerumwandlung beschleunigen. Verglichen mit dem ho¬

mogenen Fall konnten keine nennenswerten Unterschiede in der Veränderung der

Teerzusammmensetzung während der Umsetzung festgestellt werden.

Die experimentellen Daten zur homogenen Teerkonversion wurden verwendet, um

kinetische Modelle der Umsetzung des gravimetrischen Teers und der mengenmäs-

sig bedeutsamen Teerverbindung Acetol zu entwickeln. Zusätzlich wurde die Bil¬

dung der tertiären Teerverbindung Naphthalin mittels eines formalen kinetischen

Modellansatzes beschrieben.

Die experimentellen und theoretischen Befunde wurden mit entsprechenden Unter¬

suchungen an einem realen absteigenden Festbettvergaser verglichen. Es konnte ge¬

zeigt werden, dass die Reaktionsbedingungen für Teer in einem realen

Festbettvergaser gut im Laborreaktorsystem simuliert werden können. Zudem wur¬

den überzeugende Hinweise gefunden, dass die Anwesenheit von Luft im Vergaser
keinen nennenswerten Einfluss auf die Mechanismen der Teerumsetzung hat.
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Chapter 1

Introduction

1.1 Background: Biomass for Energy

Fast growing industries and the society's claim to increasing comfort and mobility
result in a rising demand for energy. In the 20th century, the world's population grew

by a factor of six, the world's energy consumption, on the other hand, increased 80

times (Jochem and Goldemberg, 2000). The world's energy supply is mainly
based on fossil fuels (Figure 1-1). In the year 2000 only, mankind burned the amount

of fossil fuels that was formed in a period of one million years.

"New" Renewables Nuclear Power

2% / 6%

Conventional Biomass\

33%
12%. \ / oil

Hydropower
7%

Figure 1-1: Fuel shares ofworld's total primary energy supply in the year 1998

(Source: GOLDEMBERG, 1999).

According to the World Energy Outlook (IEA, 2000), fossil fuels will account for

approximately 90% of the world primary energy mix by 2020. These projections
were derived from a "Reference Scenario". This scenario takes account of a range of

major new policies and measures adopted in the OECD countries - many of which

relate to the commitments under the Kyoto Protocol - enacted or announced up to

mid-2000.



The global warming owing to the emissions of greenhouse gases is the most drastic

consequence of the use of fossil fuels. Therefore, the reduction of energy-related

C02-emissions is the industrial societies' greatest challenge at the beginning of the

21st century. A reduction of at least one percent per year is postulated to be necessary,

however, with the present use of energy fuels, a steady annual increase of 2% is ex¬

pected if there will not be a major change in energy and climate policies (Jochem

and Goldemberg, 2000). Besides the threat to our environment, there are econom¬

ical and social dangers due to the one-sidedness of the contemporary energy supply
based on fossil fuels:

Most of the economically accessible deposits of fossil fuels will be depleted
in the 21st century. The safe, guaranteed supply ofpetroleum and gas is expect¬

ed to be under threat.

The depletion of the economically accessible deposits will result in increasing

price levels for fossil fuels.

There are several strategies in order to fight the consequences from the use of fossil

fuels as major primary energy sources. Besides strategies for energy saving, i.e. a re¬

duction ofthe energy consumption and an increase ofthe exergy of an energy carrier,

the use of renewable energy sources is the most logical solution for the energy prob¬
lem. According to the World Energy Outlook (IEA, 2000), waste and renewables

like (direct) solar, wind, tide, wave energy and biomass are expected to be the fastest

growing primary energy sources, with an annual growth rate averaging 2.8% over

the outlook period.

Among all renewables, biomass is the most widely used energy source worldwide

(11.6% ofthe primary energy demand at present). There is still a considerable poten¬

tial in the use of biomass. Worldwide, the biomass re-growing on the continents

alone has an energy content that exceeds the world energy demand five times. In

Switzerland, woody biomass covers 2.5% ofthe total energy demand at the moment,

but the use of wood for energy could at least be doubled (Nussbaumer, 2000).
The use of biomass for energy supply has many benefits. The energy source is re¬

newable and, if the harvest is accomplished in a sustainable way, C02-neutral. Bio¬

mass can be stored and transported in several forms, since biofuels may be solid,

liquid and gaseous. It allows the production of heat and power on demand. The fol¬

lowing section provides a brief overview of thermochemical biomass conversion

processes.
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1.2 Thermochemical Biomass Conversion

- Processes and Technologies

iPfroft*«i.

Pyrolysis is the thermal degradation of carbonaceous material in absence of an ex¬

ternally supplied oxidizing agent at temperatures of 300-600°C. The products of py¬

rolysis are char (solid), tar (liquid at room temperature, therefore often referred to as

"pyrolysis oil" in context of this process) and gases. The proportions of the relative

yields depend very much on the process conditions chosen, i.e. heating rate, end tem¬

perature, pressure and gas residence time in the reactor. The heating rate of the bio¬

mass particles is the most important parameter for pyrolysis with regard to the

product yield distribution. Slow pyrolysis (heating rates in the order of 10°C/s) is ap¬

plied for maximum coke yields, fast or even "flash" pyrolysis (heating rates up to

104oC/s) provide maximum yields of pyrolysis oils. The purpose of these oils is the

application as a fuel for combustion engines, for transportation and power produc¬
tion. Pyrolysis gas can be used for heat and power generation.
The technical application of pyrolysis is still in the stage of research (Nussbaumer

et al., 1997). A major problem is the high reactivity ofthe liquid pyrolysis products

(changing quality during storage).

C fiiSifiiJiitiiPii

Gasification is the thermal degradation of carbonaceous material in presence of an

externally supplied oxidizing agent (air, pure oxygen or steam). The main product of

gasification is a mixture of gases ("producer gas") with the main components carbon

monoxide, hydrogen, carbon dioxide, water, methane and air nitrogen. The gas also

contains particles, oxygenated organics and higher-molecular hydrocarbons, the lat¬

ter two product classes are commonly referred to as "tar". The quality ofthe producer

gas depends on the same parameters as in the pyrolysis process.

In contrast to the combustion process, the reaction temperature can be controlled via

the input rate of the oxidizing agent. This feature makes the process also attractive

for waste treatment, if specific substances (e.g. metals) should be re-gained during
the process (Born, 1998). However, the main purpose ofbiomass gasification is the

production of low- or medium heating value (LHV, MHV) gas which can be used as

fuel gas in an internal combustion (IC) engine for power production. Gas turbines,

fuel cells or the synthesis of methanol are other applications for the producer gas.

The technical application of biomass gasification is the background of the present

thesis. It is discussed in Section 1.3.



Combustion

Combustion is the complete oxidation of the biomass feedstock. In contrast to pyro¬

lysis and gasification, which represent fuel conversion processes, combustion can

provide collectible energy (heat). The hot flue gases are used for heating purposes or

for steam production by means of subsequent steam turbine processes. Moreover, the

Stirling engine provides a possibility for the power production by combustion with¬

out steam production.

Low-NOx processes and particle- and aerosol-reduction are important subjects of the

current biomass combustion research.

Liquefaction

Liquefaction is the thermochemical conversion ofbiomass in the liquid phase at low

temperatures (250-350°C) and high pressures (100-200 bar), usually with a high hy¬

drogen partial pressure and catalysts to enhance the rate of reaction and/or to im¬

prove the selectivity ofthe process. The main goal is to reach maximum liquid-yields
with higher quality than from the pyrolysis process, i.e. the product fuel has a higher

heating value and a lower oxygen content. The lower oxygen content makes the fuel

chemically more stable and requires less upgrading to a hydrocarbon product.

1.3 Heat and Power Production by Biomass Gasification

The gasification of biomass in fixed-bed reactors provides the possibility of com¬

bined heat and power production in the power range of 100 kWel up to 5 MWel. The

main advantages of this kind of power production from wood compared to vapor

power systems are:

Higher electrical efficiency in the range of small plants (for 0.5 MWel: approx.

25%) than for steam engines or turbines (8-12% for small plants with com¬

bined heat and power production [< 1 MWel], Nussbaumer et al., 1997)

Relatively simple technology (components reactor and engine), therefore low

investment costs for small plants.

These features make the gasification process attractive for decentralized heat and

power production in small plants. This is particularly reasonable if the energy pro¬

duction is combined with the treatment of carbonaceous waste on site, e.g. waste

wood from the wood manufacturing industry, agricultural waste etc. In the following

sections, technical aspects of the gasification process for power production are pre¬

sented.
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1.3.1 Process Overview

A system for power production by means of fixed-bed gasification of biomass con¬

sists of the main units gasifier, gas cleaning system and engine (Figure 1-2).

Air, Steam, Oxygen

Exhaust

Gas

Wood Gasification

Raw

Producer

Gas
Gas Cleaning

Ash

Fuel

Gas
IC Engine

T

Condensate

o

. p

Figure 1-2: Systemforpower production by means ofbiomass gasification.

In the gasifier, the solid fuel is partially oxidized by externally supplied air, steam or

oxygen. The heat energy released by this partial oxidation is consumed by processes

that decompose the solid fuel into the "producer gas". Besides particles, the raw pro¬

ducer gas contains condensable organic compounds, which are commonly denomi¬

nated as "tar". Tar and particles are normally unwanted constituents of the producer

gas, because they can cause severe operating problems if the gas is used as fuel for

internal combustion (IC) engines. Too high concentrations of these gas impurities

may lead to

Valves plugging
Corrosion due to aggressive gas components

Increased material wearing

Lubricating oil deterioration

in the IC engine.
All current gasifier systems exhibit raw gas qualities that make additional gas clean¬

ing indispensable for subsequent IC engine operation (Hasler et al., 1998). An

overview of the state-of-the art gas cleaning systems for producer gas from gasifiers
is given in the next section.



1.3.2 Cleaning Systems for Producer Gas

For satisfactory IC engine operation, an acceptable particle content of < 50 mg/mn3
and a (gravimetric) tar content of < 100 mg /mn3 of producer gas has been postulated

(Stassen, 1993). Although these values have not been experimentally confirmed

from engine durability tests, they are commonly accepted as reference values. In a

previous study by Hasler and Nussbaumer, 1999, the following gas cleaning sys¬

tems for producer gas from small scale and atmospheric cocurrent biomass gasifiers
have been evaluated:

Sand bed filter

Wash tower

Wet electrostatic precipitator
Fabric filter

Rotational particle separator

Fixed-bed tar adsorber

Based on actual performance data from state-of-the art cocurrent fixed-bed gasifiers
and the required gas quality for IC engines, it has been postulated that gas cleaning

systems should reach collection efficiencies of approximately 90% for both particles
and tar. Figure 1-3 shows the determined tar collection efficiencies of the systems.
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Figure 1-3: Ranges oftar collection efficiencies determinedfor different gas clean¬

ing systems.

As can be seen from Figure 1-3, only the sand bed filter reaches the required value.

However, it exhibits a large range of performance which includes unacceptable gas

qualities as well. These findings are also illustrated in Figure 1-4, in which the abso¬

lute values of gas quality parameters for a cocurrent gasifier with a sand bed filter



llllllllllEllaliliM

and a wash tower, respectively, are plotted for different operating states. It should be

noted that the plotted values were measured with different loads of tar and particles
in the raw gas. Therefore, in some cases, the wash tower seems to provide better re¬

sults than the sand bed filter, although the latter exhibits the better mean tar collec¬

tion efficiency.
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Figure 1-4: Gas qualities ofcocurrent gasifiers with sand bedfilter and wash tower

for gas cleaning. Grey shaded area: Required gas qualityfor IC engine operation.

The evaluation of gas cleaning systems for biomass gasifiers has shown that the

available gas cleaning systems are not suitable yet to provide constant, sufficient pro¬

ducer gas qualities for IC engine application (Hasler et al., 1998).

Considering economical aspects of different gas cleaning systems, it must be noted

that all systems produce contaminated waste waters. Even with dry gas cleaning sys¬

tems (e.g. fabric filter, sand bed filter), the formation of a condensate cannot be

avoided. Since these waste waters are highly contaminated with phenols (Morf et

al., 1998), their treatment is mandatory and may result in increased operating costs

for the gasifier system.

Therefore, it is concluded that gas cleaning is a fundamental process step in today's

gasifier systems for power generation. It is crucial with respect to the technical fea¬

sibility and the profitability of small scale biomass gasification.



An alternative strategy for solving the problem of sufficient producer gas quality are

primary measures, i.e. convenient process and reactor design that will lead to gas

qualities optimized for IC engine operation. Tracking this strategy, the present re¬

search project was formulated and conducted in the Laboratory for Emerging Tech¬

nologies of the Institute for Energy Technology at the Swiss Federal Institute of

Technology (ETH) Zurich.

1.4 Objectives of this study

The subject of the present study is tar as an unwanted product in the producer gas

from biomass gasification. The definition for the term "tar" is given in Section 2.2.1.

The formation of tar during the gasification process is not avoidable. In fixed-bed

gasifiers however, the primarily formed tar passes a hot char zone, where they are

converted by so-called secondary tar reactions. These reactions control the tar con¬

tent and the tar composition in the producer gas at the gasifier outlet. If the major
mechanisms of the secondary tar reactions are known, tar mass and composition can

be controlled by choosing appropriate reactor conditions. Surprisingly, only scarce

data on secondary tar reactions are found in the literature so far. In order to provide
fundamentals for primary measures against the tar problem, i.e. appropriate gasifier

design and operating conditions, the focus of this thesis is the investigation of sec¬

ondary tar reactions.

Although the investigations were conducted with the background and the emphasis
on fixed-bed biomass gasification, the goal was to provide fundamentals about tar

conversion under different conditions which may be found in other thermal process¬

es as well (e.g. tar conversion in fluidized-bed reactors).
Based on the results of a previous literature review (Morf and Nussbaumer,

1998), an experimental program for the investigation of secondary tar reactions was

developed. The goal of the experiments was to provide data about tar conversion un¬

der specified reactor conditions. Homogeneous and heterogeneous secondary tar re¬

actions without the external supply ofoxidizing agents are the focus of the present

work, which should give answers to the following questions:

Which type of tar conversion reactions are important in a biomass fixed-bed

gasifier?
How does the tar composition change during the secondary tar reactions?

Which are the quantitatively important products of tar conversion?

How can the composition of the complex mixture "tar" be described?



The resulting data will serve as the basis for a simplified mathematical description
of tar conversion processes (kinetic model of tar conversion). The purposes of such

a model are manifold:

If the data allow the formulation of a detailed tar conversion model, it will help

designing reactors and processes for biomass gasification with producer gas

quality suitable for IC engine operation
The model also provides knowledge about tar conversion mechanisms. This

can be used for the diagnosis of operating conditions of running gasifiers,
based on the analysis of the tar content and composition in the producer gas

The model could be used for the design of biomass gasification or pyrolysis
reactors for the production of a specific fuel gas (e.g. synthesis gas for metha¬

nol production, pyrolysis oil with specific composition)

To reach these goals, the following works had to be accomplished:

Experimental

Design and construction of a lab reactor system for investigation of tar conver¬

sion under defined reaction conditions

Development of a method for tar sampling
Evaluation of tar analysis methods

Carrying out of experiments on secondary tar conversion

Performing of tar analysis

Theoretical

Interpretation of the experimental data with regard to known or supposed
mechanisms of secondary tar reactions reported in the literature

Data analysis: model formulation and subsequent performing of regression

analysis (parameter estimation) based on the experimental data

Discussion of the project's results with regard to applied gasification systems,

with emphasis on fixed-bed gasification

iiiil^liill



1.5 Organization of Thesis

Chapter 2 provides the fundamentals about thermochemical biomass conversion

processes, like gasification, pyrolysis and secondary tar reactions. Whereas the first

section has its focus on the gasification reactions, the tar-related processes pyrolysis
and secondary tar reactions are presented in Section 2.2. It contains a brief literature

review on important works in the field of pyrolysis and tar conversion. Additionally,
the term "tar" is defined.

Chapter 3 gives details about the experimental set-up for the investigation ofthe sec¬

ondary tar reactions. Beside the tar conversion reactor system, the equipment for the

tar sampling is presented and explained.

Chapter 4 provides an overview of different chemical analytical techniques for the

analysis of tar from thermochemical biomass conversion. Additionally, it contains

the evaluation of the analytical methods used in the present work. The promising ap¬

plication of Gel-permeation chromatography with UV-detection (GPC/UV) and che-

mometric methods for qualitative and quantitative spectral analysis are presented.

Chapter 5 presents the results from the experiments on homogeneous and heteroge¬
neous secondary tar reactions. The data material is discussed with regard to findings
from other works on biomass tar conversion reported in the literature.

Chapter 6 elucidates the mathematical approaches concerning the kinetic modeling
of secondary tar reactions. The present results are compared to results from kinetic

tar models from the literature.

Chapter 7 relates the experimental and theoretical findings from the present work

with investigations on applied gasifier systems.

Chapter 8 summarizes the findings and gives the conclusions of the present work.

Based on the present results, recommendations for further research work are given.
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Chapter 2

Fundamentals of Thermochemical Biomass Conversion

2.1 Gasification

2.1.1 Process Overview

The purpose of the gasification process is the conversion of solid, carbonaceous fuel

particles (e.g. wood chips) into gaseous fuel. The term "gasification" stands for a se¬

quence of the sub-processes drying, pyrolysis, oxidation and char gasification. In a

fixed-bed gasification reactor, these sub-processes are spatially separated and can be

assigned to layers which are relatively clearly distinguished. Figure 2-1 gives a mod¬

el illustration of the sequence of sub-processes in a stratified downdraft-gasifier

(MlLLIGAN ET AL., 1993).
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Figure 2-1: Sub-processes ofgasification in afixed-bedgasifier (according to MlL¬
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The concentration of the oxidizing agent (air, pure oxygen or steam) and, conse¬

quently, the temperature are controlling the chemical regime in the gasification reac¬

tor, i.e. they are determining the occurrence of a certain sub-process.
A parameter for the overall characterization of a thermochemical fuel conversion

process with respect to the amount of available oxygen is the stoichiometric ratio

(SR). It is defined as the ratio between the amount of oxygen supplied and the

stoichiometric amount of oxygen. The SR of the overall gasification process lies be¬

tween 0 and 1 (typical: SR = 0.3).

Figure 2-2 provides a gasification process overview for the case of a cocurrent-

downdraft gasifier. It should be noted that the sequence of the sub-processes in the

fixed bed can vary according the to construction and operation mode of a gasifier and

has a tremendous influence on the producer gas quality. This aspect will be discussed

in Section 2.1.3.

Pyrolysis

Oxidation

Char gasification

Concentration

oxidizing agent

T[°C]

Ash Producer

gas

Figure 2-2: Sub-processes and qualitative behavior of the controlling parameters

for the case ofdowndraftfixed-bed gasification.

In the case ofthe stratified downdraft fixed-bed gasifier, heat conduction through the

solid matter from the bottom to the top provides the heat energy for the drying and

pyrolysis of the biomass fuel particles. In the temperature range of 250°C to 500°C,

the dried particles undergo pyrolysis which produces non-condensable gases, tar and

char. Secondary tar reactions occur as soon as the tar has been evolved from the solid



matter in the whole fixed bed at elevated temperatures (starting from approximately

550°C). In the oxidation zone, a part of the pyrolytic formed char and gases react

with the oxygen present in the system. These exothermic reactions provide the heat

energy for all endothermic processes during gasification. The last process in the

downdraft, fixed-bed gasifier is the char gasification which stands for heterogeneous
reactions between the char and H20, C02.
It should be noted that in the literature, the term "gasification" is used for the heter¬

ogeneous gas/char reactions and for the overall process in the gasifier, including all

the mentioned sub-processes. These sub-processes are discussed in the following
sections.

2.1.2 Sub-processes of Gasification

elfJ-tiif^

The drying process strongly depends on the amount and thermodynamic state of wa¬

ter in biomass. Besides water vapor, the following forms of water are present in

woody biomass:

Bound water is found in the cell walls and is believed to be hydrogen bonded

to the hydroxyl groups of the main constituents of wood: cellulose, hemicel-

lulose and, to a lesser extent, also lignin.
Free water in liquid form is found in the voids of the wood. The water is only
held by weak capillary forces. It does not cause swelling, shrinking or changes
in most physical properties because the cell wall is already saturated with

bound water.

The moisture content wdj-is the sum ofbound and free water, expressed as a percent¬

age of the oven-dry (index: dfi dryfuel) mass; the water content w represents the wa¬

ter as a fraction of the total weight:

mS-msd
^

W

df
msd

b / j_w

where

ms: mass of moist solid

msd- mass of (oven) dry solid

wb: bound water content of the wood

w/. free water content of the wood

w: water content of the wood

(2.1)
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The fuel's moisture content in general has a multi-faceted role in thermochemical

biomass conversion. With increasing moisture content, the heat energy consumption
for drying and heating up to pyrolysis temperature increases considerably. Hence, in

the autothermal gasification process (i.e. no external heat supply for the process) an

increasing fuel moisture content lowers the temperatures ofpyrolysis and subsequent

processes. Consequently, it has a considerable effect on the pyrolysis product distri¬

bution, since an increasing moisture content results in lower heating rates for the py-

rolyzing particles (see Section 2.2.2).
The fiber saturation point Wfsp is defined as the moisture content at which the cell

walls are saturated with bound water with no free water in the lumens. An average

wfsp of 30% may be assumed for most wood types at 25°C. This measure has a great

importance in wood sciences and, consequently, in modeling drying processes, since

it is related to abrupt changes in physical properties of wood.

A comprehensive discussion of drying and related phenomena, especially with re¬

spect to models for thermochemical biomass conversion, is given by GR0NLI, 1996.

fyrolysis and Secondary 'Far Reactions

Every thermochemical conversion process of biomass includes the sub-process py¬

rolysis. It stands for the thermal decomposition of the dried carbonaceous fuel into

the product classes

Gases

Tar

Char

in absence of an oxidizing agent. At process temperatures (250-500°C) gases and tar

are both gaseous products. The product class "gases" is distinguished from the class

"tar" because the former consists of gas species which are not condensable at room

temperatures. The main components of this class are CO, C02, CH4 and H2.
The primary tar produced by pyrolysis is converted by several homogeneous and het¬

erogeneous processes in the fixed bed of the gasification reactor. These tar conver¬

sion processes are also referred to as secondary tar reactions throughout the thesis.

The tar-relevant sub-processes "pyrolysis" and "secondary tar reactions", which are

the focus of the present work, are discussed thoroughly by means of a literature re¬

view in Section 2.2.



Oxidation and liar Gasification - Main Chemical Reaction Schemes

In the oxidation zone of a gasifier, mainly heterogeneous reactions between the solid

char and the gas occur. The (global) reactions of solid carbon with oxygen

C + -02^CO AH298K = - 110.5 kJ/mol (2.2)

and

C + 02^C02 AH298K=-398.8 kJ/mol (2.3)

are exothermic and provide heat energy for the endothermic char gasification reac¬

tions:

C + H2O^CO + H2 AH298K = +131.3 kJ/mol (2.4)

C + C02 <-> 2CO AH298K = + 172.5 kJ/mol (2.5)

Equation 2.4, called the carbon steam reaction is the principal endothermic step in

gasification. The Boudouard reaction (eq. 2.5) converts the carbon dioxide produced
in the combustion process back to carbon monoxide. The rates of reactions 2.4 and

2.5 are influenced by the same parameters in a similar way, the carbon steam reaction

being several times faster. Thus, reaction 2.5 can serve as an indicator of the reacti¬

vities of different chars (von Scala, 1998).
Another feature of reactions 2.4 and 2.5 is their temperature stabilizing effect in the

gasification zone. Whereas the reactions are kinetically slow at temperatures below

800°C, they become very fast at temperatures above 1200°C. Thus, as long as steam

and carbon dioxide are sufficiently available within the hot char fixed bed, a rise in

temperature is prevented under formation ofthe producer gas. This temperature buff¬

er results in a relatively stable composition of the producer gas (Desrosiers, 1986).
The carbon monoxide producedby oxidation and the steam present in the system can

react according to the homogeneous water-gas shift reaction:

CO + H2O^C02 + H2 AH298K=-41.2kJ/mol (2.6)

The reaction is supposed to occur by heterogeneous catalysis on the carbon surface

at temperature below 1100°C. At higher temperatures it may occur as a homoge¬
neous reaction (Graboski, 1981).
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Methane is produced in the gasification zone of the gasifier by the hydrogasification
reaction

C + 2H2 <-> CH4 AH298K = - 74.8 kJ/mol (2.7)

and by the homogeneous methanation reaction

CO + 3H2 <-> CH4 + H20 AH298K = - 206.1 kJ/mol (2.8)

The overall gasification process can be described by a global reaction equation ac¬

cording to

CaHbOc + wH20 + SR(°--l> (2.9)

—> XjH2 + x2CO + x3C02 + x4H20 + x5CH4 + x602 + x?C + xgN2

where

A = a +
b c

4 2

w: water content.

Based on this global reaction equation of gasification, the molar species distribution

at equilibrium can be calculated with the method of the minimization ofthe system's
Gibbs free energy (Salzmann, 2000). Figure 2-3 shows the numerically calculated

equilibrium composition for adiabatic wood conversion in function of the stoichio¬

metric ratio (SR), ranging from pyrolysis (SR = 0) to combustion (SR > 1) condi¬

tions.
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Reaction RalesJor Gas-Carhon Reactions

In the biomass gasification process, the rates for char gasification reactions are much

slower than the rate ofwood pyrolysis. Thus, the rate ofthe overall wood gasification

process is determined by the kinetics of the heterogeneous gasification reactions.

Table 2-1 shows the intrinsic rates of pyrolysis and gasification reactions relative to

the Boudouard reaction. The rates ofthe heterogeneous gasification reactions of gra¬

phitic carbon were estimated by Walker et al., 1959, whereas the relative rate for

pyrolysis was estimated by the author based on the relation of the pyrolysis kinetics

for maple wood given by Atreya, 1983 and the apparent kinetics for steam gasifi¬
cation of poplar wood reported by Rensfelt et al., 1978.

Pyrolysis

Carbon oxidation (eq. 2.3)

Carbon steam (eq. 2.4)

Boudouard (eq. 2.5)

Hydrogasification (eq. 2.7)

10&

105

3

1

10"3

Table 2-1: Relative rates ofreactions during the gasification process ofbiomass at

800°C and 1 aim (sources: see text).

Man transfer Effects
For the determination of the rates of heterogeneous char gasification reactions such

as eq. 2.2-2.5 and 2.7, mass transfer effects may become important. Analogous to

solid catalyzed reactions in porous media, the following reaction steps are supposed
to occur in series (Graboski, 1981):

Diffusion of reactants across the stagnant gas film around the char particle sur¬

face (external diffusion)
Diffusion of gas into the pore (pore diffusion)

Adsorption, surface reaction and desorption from the pore wall

Diffusion of products out of the pore

Diffusion ofproducts across the stagnant film to the gaseous reaction environ¬

ment.



Depending on parameters such as temperature, pressure and gas composition, any or

all of these steps may be important. Figure 2-4 gives an overview ofthe three impor¬
tant regimes of surface reactions.

L

Pore ^TExternal

Mass Diffusion

Transfer Limits

Limits
Surface

Kinetics

Limits

—i.
1/T

Figure 2-4: Rate-controlling regimes of heterogeneous reactions. According to

Grabowski, 1981.

At low temperatures, the kinetic rate constant approaches zero. Thus the pore diffu¬

sion and external mass transfer processes are very fast relative to the kinetics; the ki¬

netic step is rate-limiting. As the reaction temperature increases, pore diffusion

becomes important. At sufficiently high temperatures, external mass transport be¬

comes limiting.
External mass transport is the diffusion across the stagnant gas film around the re¬

acting particle. The rate oftransport to the surface at steady-state is given by the mass

transfer expression:

1 dNA

S„v dt v<v cAs) (2.10)

where

NA:
c •

ex'

V
CAg
C a.,:

number of moles of gaseous reactant A

external surface area of solid

mass transfer coefficient between fluid and particle
concentration of reactant A in bulk

concentration of reactant A at particle surface.
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For the determination of the coefficient kg, various correlations have been proposed.
For example, Satterfield, 1970 recommends a correlation for mass transfer in

fixed-bed operation based on the Colburn j factor defined as follows:

'(Sc)
2/3

(2.11)

where

)

Sc:

Colburn factor

superficial velocity, based on empty tube

Sc = |i/(pD) (Schmidt number)

Thej factor depends on the Reynolds number according to:

0.357

Re
0 359

3 < Re < 2000 (2.12)

The characteristic length dp in the Reynolds numberRe is the particle diameter given
as

6V

d = —£
p S„v

(2.13)

where

dp: particle diameter

Vex: volume of particle

Limitation ofthe heterogeneous reaction by external mass transfer is a reasonable as¬

sumption for the combustion of large particles at high temperatures (char particles in

the oxidation zone). As either particle size or temperature decreases, reaction kine¬

tics become increasingly important.
The effectivenessfactor e is a measure for the decrease of the reaction rate due to the

resistance to pore diffusion:

_

rA,app

rA,nd

where

rA, apP: actual mean reaction rate in pore (apparent rate)

rA, nd: rate without pore diffusion resistance

(2.14)
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For known intrinsic rates of the surface reactions, the effectiveness factor e and con¬

sequently, the governing kinetic regime can be determined using the relationship be¬

tween the effectiveness factor and the Thiele modulus MT:

where

L:

k:

D-

MT = Lj-t

characteristic length of the particle
reaction constant for the surface reaction

effective diffusion coefficient in porous solids.

(2.15)

For the case of a first-order irreversible reaction the relationship

tanhMr

'first-order cAs MT
(2.16)

can be derived (Levenspiel, 1999), where

CA : average concentration of reactant A in the pore

CAs: concentration of reactant at the particle surface.

Figure 2-5 shows the functional relationship between e and MT for a first-order re¬

action. In the shaded area of Figure 2-5, where MT < 0.4, the effectiveness factor

does not differ significantly from one, which means either a short pore, slow reaction

or rapid diffusion. On the other hand, forMr > 0.4, the regime is diffusion limited

(regime of strong pore resistance).

n oi

Figure 2-5: The effectivenessfactor as afunction ofthe Thiele modulus. According
to Levenspiel, 1999.
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As mentioned above, the effect of pore diffusion is not only of great importance for

gasification reactions, but also for solid catalyzed reactions, like the heterogeneous
tar conversion reactions, one focus of the present work. For the most effective use of

porous catalytically active solids (e.g. char for tar conversion), the desirable process¬

ing range would be achieved with fine solids which are free of pore diffusion resis¬

tance. However, in fixed-bed reactors, the pressure drop due to the use of very fine

solids would be unacceptable. Therefore, as a compromise between acceptable pore

diffusion resistance and pressure drop in the reactor, the value of the Thiele modulus

MT = 0.5 is desirable (Levenspiel, 1999).

2.1.3 Technical Reactors for Biomass Gasification

The reactor design for gasifiers and consequently, the contacting pattern between the

reacting gases and the solids, has a tremendous influence on the tar content and on

the tar composition in the producer gas at the gasifier outlet. Therefore, the different

reactor types and their typical performance data are discussed in the following sec¬

tions
.
The information given below is partly extracted from the work ofNussbaum-

er et al., 1997 which provides a comprehensive overview of different thermo¬

chemical biomass conversion systems.

Biomass gasification in large scale plants can be conducted in fixed-bed and fluid¬

ized-bed reactors. Fixed-bed gasifiers are used in the load range from 100 kWth up

to some MWth. In these small and medium sized plants, air is normally used as the

oxidizing agent. The resulting producer gas exhibits a lower heating value smaller

than 8 MJ/nij,3 and is called low calorific value (LCV) gas.

For higher load ranges (10-20 MWth), gasification is conducted in fluidized-bed re¬

actors. Steam or oxygen-enriched air are optionally used in these reactors. The lower

heating value of the producer gas can be increased up to 21 MJ/nij,3 using oxygen-

enriched air. Then, the gas is called medium calorific value (MCV) gas. Figure 2-6

gives an overview ofthe most common gasifier reactor types and their gas/solid flow

patterns. Special features of fixed-bed and fluidized-bed gasifiers are discussed in

the following sections.
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Figure 2-6: Gasifier types and gas/solidflow patterns.

t'ixed-hed gasifiers
The cocurrent downdraft gasifier and the counter-current updraft gasifier are the

most abundant constructions among the fixed-bed reactors. As presented in Figure

2-6, these two types exhibit different sequences of the sub-processes of gasification.
There are two types of cocurrent gasifiers: the classical Imbert gasifier and the strat¬

ified downdraft gasifier (e.g. open top gasifier). In a stratified cocurrent gasifier, the

primary tar formed during pyrolysis has to pass a hot char zone and thereby, is sub¬

ject to secondary tar reactions like cracking, partial oxidation and repolymerisation.
These reactions lower the tar content of the producer gas considerably. Therefore,

these reactors are preferred with respect to the use of the producer gas in IC engines.

However, they require relatively dry and uniformly sized fuel particles. The ups-

caling is difficult, since larger reactors often produce a fuel gas with higher tar loads

due to inhomogeneities in temperature than smaller gasifiers with identical design.
Kaupp and Goss, 1982, explain the difficulties inupscaling a downdraft gasifier by
their findings that the hot glowing carbon zone is mainly generated by radiation and

not by char combustion. Larger hearth diameters therefore result in cold spots in the

reactor, which reduces its tar conversion potential. Moreover, cocurrent gasifiers are

susceptible to malfunctions in fuel transportation due to channeling and bridge for¬

mation of the fuel particles.
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Countercurrentgasifiers on the other hand, are more stable in operation and are able

to process a wide range offuel sizes, including particle size mixtures. Upscaling usu¬

ally does not provide any problems, thus, the same gasifier design can be applied for

plants in the load range from 100 kWth up to 10 MWth. However, the main drawback

of countercurrent gasifiers is their high tar load in the producer gas. Due to their gas/
solid contacting pattern, the pyrolysis gas is swept to the gasifier outlet without pass¬

ing a hot char zone where secondary tar reactions could occur.

Table 2-2 summarizes the features of the two different fixed-bed gasifier designs.

Cold gas efficiency (excl. tar)

(incl. tar)

approx. 50%

approx. 90%

Particle content of producer gas small

Gravimetric tar content producer gas > 20 g/m
3

Ash burnout

Requirements concerning
fuel particle size

Fuel moisture wdf

Operating behavior

Plant size

good

70-80%

medium

< 1 g/rrij,3 possible

fair

accepts mixtures of homogeneous particle
different particle sizes size required

< 50%

robust

5-15%

sensitive (channeling,
bridge formation)

100 kWth - 10 MWth 100 kWth - 2 MWth
(max)

Table 2-2: Features offixed-bed gasifiers (NUSSBAUMER ET AL., 1997).



As can be gathered from Table 2-2, the coldgas efficiency ofthe two gasifiers differs

significantly. This measure describes the efficiency of the conversion of solid fuel

into chemical bond energy of the producer gas. It can be calculated according to

LHVrVG
*>

-

mhrB <2-17>

where

LHVG: lower heating value of gas [kJ/mn3]
LHVB: lower heating value of biomass [kJ/kg]

Va : gas flow rate at operating conditions [m3/s]

rhB : feed of biomass [kg/s].

It should be noted that by using r\a, the consumption of energy by the gasification

plant (e.g. ventilator) is not considered. Moreover, the heat of condensation and the

latent heat of the producer gas are not taken into account as energy losses. If the tar

is considered as a producer gas constituent, the counter-current updraft gasifier ex¬

hibits a higher cold gas efficiency, since its producer gas temperature at the gasifier
outlet is lower (200-300°C) than in the case of a cocurrent downdraft gasifier (500-

700°C). Another reason for the higher cold gas efficiency is the better ash burnout

by counter-current updraft gasifiers, which means a more complete solid carbon con¬

version. Table 2-3 provides an overview of the typical values of energy losses deter¬

mined for different gasification systems (Schulze Lammers et al., 1985,

Mehrling et al., 1986, Petersen et al., 1989).

Radiation and convection 5-12%

Enthalpy of gas 5-10%

Losses in condensate and residues 2-35% < 1%

Condensation heat 8-25%

Energy consumption gasifier plant for 3-5%) < 5%

electric motors, pumps, ventilator

Table 2-3: Energy losses and efficiency ofgasification. Sources: SCHULZE LAMMERS

étal., 1985, Mehrling et AL., 1986, Condensation heat: Petersen et al., 1989.
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As can be seen from Table 2-3, the widest range ofvalues was determined for energy

losses in the condensate and the residues, which can be explained by the different tar

conversion behavior of the two most used gasifier types, the counter-current and the

cocurrent fixed-bed gasifier.

Fluidized-lied Gasifiers
As mentioned above, fluidized-bed reactors are used for high load ranges only. One

reason for that is the easier and more reliable temperature control of fluidized beds

by adding inert bed material (e.g. sand). Effective temperature control of large fixed

beds can be difficult because such systems are characterized by a low heat conduc¬

tivity (Levenspiel, 1999).
Fluidized-bed reactors are categorized with respect to characteristics in fluid dynam¬
ics and heat transfer. Figure 2-7 shows the basic types of fluidized-bed reactors and

the relative velocities of gas and solids, respectively. Whereas the classical fluidized

bed (also referred to as bubbling fluidized bed [BFB]) exhibits a distinctive temper¬

ature profile over the reactor height, the circulating fluidized bed (CFB) reaches al¬

most isothermal conditions due to intensive mixing of gas and solids. Thus, in

contrast to the fixed-bed reactors, there are no spatially separated zones of the gas¬

ification sub-processes in CFB reactors. Consequently, the gasification sub-process¬
es drying, pyrolysis, oxidation and gasification occur in the same volume element.

<J=i Gas: Air resp. producer gas

-^— Solids: Solid fuel resp. ash

Classical/

bubbling
fluidized bed

increasing expansion

Figure 2- 7: Gas/solid contacting regimes ofdifferent systems offluidized-bed reac¬

tors (according to Mehrling and Reimert, 1986).
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However, due to this "ideal" mixing in the reactor (theoretically no temperature and

concentration gradients), the burnout of the fly ash is supposed to be incomplete

(Born, 1998). Other features of CFB reactors are (Nussbaumer et al., 1997):

high cold gas efficiencies ( > 80%) reachable

stable operation, therefore stable producer gas quality

The main drawbacks compared to fixed-bed gasification are:

high fly ash loads in the producer gas

bad fly ash burnout (approximately 80 mass-% carbon remaining)

high specifications for fuel particles (small particles, ideally 20 x 20 x 10 mm,

homogeneous particle size)

high energy consumption by the gasification plant itself

a fuel moisture content wdf < 15 m-% is required, therefore pre-drying of bio¬

mass fuel is needed

high specific investment costs for small units, thus, the use of CFB is reason¬

able for plant sizes > 20 MWth only.

2.1.4 Typical Performance Data of Applied Gasifiers

Producer Gas ( Composition
Table 2-4 provides an overview of typical producer gas compositions from different

gasifiers. It should be noted that the different gas compositions mainly depend on the

fuel moisture wdf, apart from the gasifier type and the plant size. Despite the different

values for wdf and consequently, the different gas compositions, the lower heating
value (LHV) is similar for all cases.

The comparison of the measured gas concentrations for the cocurrent gasifier (type

Imbert) with the calculated molar species equilibrium (see Figure 2-3 in Section

2.1.2) reveals that the volume ratios among the gas species in this producer gas are

almost identical to those ratios found for equilibrium at SR = 0.25-0.3. Thus, in a

cocurrent gasifier, the producer gas reaches almost chemical equilibrium composi¬
tion in which methane is the only stable hydrocarbon (Desrosiers, 1986).



^BIB^^^BI^^BBIlIBi^gl^^Bl^^^^^^^^BË

Plant size [kWth] 1000 700 90 16'000

Fuel moisture wdf[m-%] 52 6 14 15

H2 [vol-%] 14 21 9.3 14.8

CO [vol-%] 20 22.5 15.8 15.4

co2 [vol-%] 10 11.5 16.7 15.0

CH4 [vol-%] 2.5 1.5 3.8 4.2

'-'n^m [vol-%] n.d. n.d. 1.6 2.0

N2 [vol-%] n.d. n.d. 52.8 39.6

LHV [MJ/Nm3] 4.9 5.6 4.4 5.0

Table 2-4: Gas compositions andLHVfrom different systemsfor the gasification of
wood with air. The concentrations are based on the dry gas volume, n. d. : not

determined. The LHV is calculatedfrom the valuesfor H2, CO and CH4. Sources:

Counter-current: KURKELA ETAL., 1989, Cocurrent (typeImbert): KAUFMANN 1994,

bubblingfluidized bed: CZERNIK ET AL., 1992, CFB: LÖFFLER, 1991.

Ranges of particle and tar contents in the producer gas of different gasifier systems

are given in Table 2-5. Because of the small fuel particles required and the high gas

velocities, the particle contents of producer gases from fluidized bed reactors are sig¬

nificantly higher than from fixed beds. These particles are extremely small (d50 < 10

um) and, therefore, cannot be completely eliminated from the gas by cyclones

(Nussbaumer et al., 1997). As mentioned above, the particle's carbon content is

very high and consequently, the LHV of producer gas is dependent on its particle
content.



The highest tar contents are found in the producer gas from counter-current gasifiers
due to the reasons given in Section 2.1.3. The tar content of producer gas from flu¬

idized beds mainly depends on the temperatures and the gas residence times in the

reactor.

Particle content

Range [g/Nm3] 0.1-3 0.02-8 1-100 8-100

Mean [g/Nm3] 1 1 4 40

Tar content

Range [g/Nm3] 10-150 0.01-6 1-23 1-30

Mean [g/Nm3] 50 0.5 12 8

Table 2-5: Ranges ofparticle and tar contents ofraw producer gasfrom different

gasifier systems according to GRAHAMAND BAIN, 1993. Valuesfor CFB are

determined after cyclone.

As will be shown in Section 2.2, the parameters heating rates offuel particles and

temperature, have a major impact on tar formation and conversion in the fixed bed

of a biomass gasifier. Therefore, the knowledge of typical values for these parame¬

ters in applied gasification systems is important, especially with regard to the exper¬

imental investigation of tar conversion.

According to Milne, 1981, relatively large fuel particles (as used in fixed-bed gas¬

ifiers) are subject to slow pyrolysis with heating rates of 0.01-2°C/s. However, mea¬

surements of the temperature profile in a model wood fuel particle during

gasification in a cocurrent downdraft gasifier (open-top gasifier, model IISc-

DASAG, Sharan et al., 1997, also see Chapter 7) by the author of the present

study have shown that rather high heating rates may appear even by using fuel par¬

ticles of 5-30 mm diameter (Morf and Nussbaumer, 1998).

lilllallÉglIW
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Figure 2-8 and 2-9 show the results from corresponding investigations using a spher¬
ical model wood fuel particle with a diameter of 20 mm Four thermocouple sensor

tips were placed in drillings of 0, 3,6 and 10 mm depth in the model particle in order

to measure the temperature profile in the particle during its way through the fixed-

bed gasification reactor

1200

1000

800

600

400

200

550 600 650 700 750 800 850 900 950 1000

Time [s]

Figure 2-8 Temperature profile ofthe model wood particle during gasification in

an cocurrent downdraft gasifier The temperatures in different axial depths of the

modelfuel particles are indicated
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850

Time [s]

Figure 2-9 Heating rates of the modelfuel particle during gasification The tem¬

peratures in different axial depths ofthe modelfuel particles are indicated

As can be gathered from Figure 2-9, the fuel particles are submitted to heating rates

up to 18°C/s Other important findings concern the temperature/time history of fuel

particles Figure 2-8 show the temperature profile of the model particle that travels

with an average sink velocity of 40 mm/mm through the fixed bed The maximum

temperature reached is 1100°C The high temperature gradient observed from 650-

750°C is attributed to the transition from the drying to the pyrolysis zone
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2.2 Tar Formation and Conversion during Biomass Gasification

Tar is formed as a product from the pyrolysis of the solid carbonaceous fuel during
biomass gasification. This primary tar formation is not avoidable. However, after

their evolution from the solid phase, tar vapors are subject to secondary tar reactions

that alter both mass and composition of the tar. Tar conversion by secondary tar re¬

actions already occurs in the pores of the "mother" fuel particle as well as in the gas-

phase and on surfaces outside the particle (Figure 2-10).

Wood ^Nonvolatile
Intermediate

Char

^Volatile
"Tar

' Gases

Intraparticle

Char

"Primary"

Tar (2)

I.Gases Gases

Extraparticle

Figure 2-10:lntraparticle and extraparticle tarformation and conversion.

It should be noted that in the literature, the distinction between "pyrolysis" and "sec¬

ondary tar reactions" is not always made. Thus, the term "pyrolysis" is also used for

decomposition reactions of primary volatiles in the gas phase. In the present work

however, the term "pyrolysis" stands for the decomposition of the solid fuel (e.g.

wood), whereas the primary tar is subject to secondary tar reactions.

Both the processes pyrolysis and secondary tar reactions are discussed by means of

a literature review of important studies in these fields in the following sections. A

comprehensive literature review about pyrolysis and secondary tar reactions has

been presented previously (Morf and Nussbaumer, 1998).

2.2.1 Definition of "Tar"

There is no clear and uniform definition for the term "tar" in the literature yet. His¬

torically, "tar" was an operationally-defined parameter, based largely on organics
from gasification that condensed under operating conditions of boilers, in pipes and

in IC engine inlet devices. Thus, the definition of the gasification product "tar" de¬

pends on the methods for sampling and analysis. However, the existence of the huge
number of operationally-defined parameters is unsatisfactory from the viewpoint of

the comparability of producer gas qualities from various systems. Therefore, there

iKtfll
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are international efforts to develop a commonly accepted procedure for sampling and

analysis of biomass tar and, consequently, to lay down an operation definition for

"tar" (Neeft et al., 2001).
To uniformly define "tar" is difficult because of the extreme complexity of the mix¬

ture of components that represents "tar"; Collin, 1983 for example, estimates that

there are lO'OOO compounds present in coal tar. Thus, it is impossible to identify and

quantify all compounds present in the tar mixture by analytical methods. For that rea¬

son, operational methods are necessary for the practical work. A comprehensive
overview of operational "tar" definitions used by international research teams is giv¬
en in (Milne et al., 1998).
Since the present work had to fight the same difficulties focusing on the term "tar",

the "definitions" given below are inevitably more descriptive than unambiguous.

Tar is a complex mixture oforganics that is produced during thermochemical bio¬

mass conversion processes. Hence, the term "tar" describes a lump involving thou¬

sands of single substances. Primary tar is tar that has undergone no secondary
reactions.

These definitions are theoretical. For the practical experimental work in the present

study, these terms have to be defined operationally in order to get practically mea¬

surable quantities. For example, it is impossible to gain pure primary tar experimen¬

tally, because secondary reactions occur immediately after the primary tar vapors

have been evolved from the solid matter, e.g. already in the pores of the mother par¬

ticle. Therefore, in the present work, the experimentally produced "primary" tar is

defined as the tar sampled after the first stage of the lab reactor system by a specific
tar sampling method, see Section 3.2. There, the term "primary" is used in parenthe¬
ses in order to indicate the operationally defined term.

The analytical methods and consequently, the operational definitions for the measur¬

able quantities describing the "overall tar mass" used in the present work are de¬

scribed in Chapter 4.

Moreover, single tar constituents are classified into primary, secondary and tertiary
tar compounds according to Milne et al., 1998 in the following. This classification

scheme used is based on the work by Evans and Milne, 1987(a), whose investiga¬
tions are discussed in the following literature review on secondary tar reactions (see
Section 2.2.3).

(...hemical Compound Classes F ound in Fai

It is a goal of the present work to point out that tar changes in composition during
thermal biomass conversion. Therefore, it is not possible to give "typical values" of

specific compounds generally for "tar". According to the process regime, certain

WmKWmWm
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compound classes are likely to occur because their formation is favored; in other

temperature ranges they may be lacking completely.
Table 2-6 gives an overview ofcompound classes and prominent representatives that

may be found in tar samples.

Acids Acetic acid

Propanoic acid

Butanoic acid

C2H4O2

C3H602
C4H802

Sugars Levoglucosan (1,6-Anhydro-
ß-D-glucopyranose)
Fructose

Cellobiosan

C6H10O5

C6H1205

C12H20°6

Ketones Acetol (l-Hydroxy-2-pro- C3H6Q2
panone)
Cyclopentanone C5H8Q
2-Methyl-2~cyclopenten-l- C H O

Phenols, Cresols Phenol

0, m, p-Cresol (x-Methylphe-
nol)
x,y-Drmethylphenol
2-Ethylphenol

C6H60

C7H80

C8Hi0O

C8H10O

Guaiacols Guaiacol (2-Methoxyphenol)
4-Methylguaiacol
4-Ethylguaiacol CsHiriO?

Furans Furan (Furfuran)
Furfural (2-Furaldehyde)
5-Methylfurfural

C5H402

C6H602

"BTX" Benzene

Toluene

o,p,m-Xylene

c«Hfi

Polyaromatic Hydrocarbons (PAH) 16US-EPAPAH, like

Naphthalene
Anthracene

Benzo [a] pyrene etc

Others, like

Coronene

CioHg

Ci4H10

c2oHi2

Table 2-6: Classes and representatives oftar compounds.
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The presence of the several compound classes have different effects on the tar's

properties. The first seven classes in Table 2-6 all consists of oxygenated species.
Tar with a dominating content of oxygenates is characteristic for primary tar from

biomass pyrolysis. Because of its high oxygen content, this tar is highly reactive.

This fact is one of the major problems in the fast pyrolysis technology which aims at

high "pyrolysis oil" yields. Since these "oils" contain a large share of primary tar

species, the storage ofthe product fuel is problematic. Even samples of "primary" tar

(the tar is solved in an organic solvent) that are kept in bottles under N2-atmosphere
at room temperatures are still reactive. In the present work, findings from repeated

analyses of such samples indicated reactions of the organic acids to form esthers in

"primary" tar samples.
The phenols and cresols contents in tar are supposed to be of special importance for

the producer gas quality with regard to the use of the gas in IC engines. They can

cause corrosion in the engines. Moreover, phenols from biomass tar are found in

large quantities in the waste water produced during gas cleaning of producer gas

from biomass gasification. Therefore, a special designed waste water treatment pro¬

cess for waste waters from biomass gasifiers is indispensable (Morf et al., 1998).
On the other hand, the BTX-compounds are not considered to be harmful for IC en¬

gines since these compounds also are major components in gasoline (Hasler et al.,

1997).

According to its chemical composition, tar from biomass conversion processes ex¬

hibits a medium up to very high toxic potential. The biological impact of tar can be

categorized either as short-term (acute toxicity) or long-term, as in carcinogenicity.
The tumor-initiating activity in tar is attributed to its content ofpolycyclic aromatic

hydrocarbons (PAH). Elliott, 1988 measured the long-term toxicity ofbiomass tar

from high-temperature processes ( > 800°C) during tests with mice (skin painting
and tumor counting). The results obtained are depicted in Figure 2-11.

Figure 2-11: Tumor incidence ofmice affected by biomass tarproduced under differ¬
entprocess temperatures.
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The activity of the high-temperature tar was equal or higher than that of the ben-

zo[a]pyrene activity standard. It was shown that the carcinogenicity of the tar sam¬

ples is a function of the tar-producing process temperature. As it will be shown later

in the present work, the PAH content of tar can be correlated with the process tem¬

perature.

The United States Environmental Protection Agency (US-EPA) has defined a list

containing 16 PAH compounds which are notorious for their biological impact. In

high-temperature tar, as in the samples used in the tests mentioned above, all 16 US-

EPA PAH are present in medium up to very high concentrations.

2.2.2 Pyrolysis

Pyrolysis has been the subject of intense research for several decades. Accordingly,
there is a considerable amount of studies concerning pyrolysis that are reported in the

literature. A review of pyrolysis investigations focusing on kinetic modeling is given

by Gronli, 1996.

Pyrolysis is a complex process in which organic matter is thermally decomposed in

the absence of externally supplied oxidizing agents. In the case of biomass, the pro¬

cess yields solid, gaseous and (at room temperature) liquid products which are nor¬

mally lumped into the product classes gases, tar ("oil") and char. The proportions of

the product yields depend on process parameters such as (peak) temperature, heating

rate, pressure, fuel particle size and fuel composition, including the presence or ab¬

sence of catalytically active substances.

However, these parameters not only affect the pyrolysis mechanisms but also sec¬

ondary tar reactions. Thus, the distinction between pyrolysis and secondary tar reac¬

tions gets blurred. Therefore, it is impossible to conduct pyrolysis experiments

yielding primary products that have not undergone secondary reactions to some ex¬

tent. This should be kept in mind while interpreting pyrolysis experimental data.

A detailed overview of chemical mechanisms during pyrolysis is provided by

Shafizdadeh, 1982. Based on experimental investigation of the pyrolysis of cellu¬

lose, the main constituent of woody biomass, Shafizadeh proposes the main reaction

pathways presented in Figure 2-12.

üüüüüü
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Cellulose

Gases, volatiles with low molecular mass

* Anhydrosugars (e g Levoglucosan), Tar

H20, Char, C02, CO

Figure 2-12:Reaction pathways during cellulose pyrolysis (according to SHAFIZA-

DEH, 1982). The numbers indicated refer to the pathways described in the text.

Reaction Pathnay I

At temperatures below 300°C, the first reaction pathway is dominant. It includes the

reduction of molecular mass (or degree of polymerization [DP]) by chemical bond

scission, the formation of free radicals, the cleavage of water, the formation of func¬

tional groups like carbonyl, carboxyl and hydroperoxide groups as well as the evo¬

lution of CO and C02 and eventually the production of a charred residue. The

reactions are supposed to occur in three main steps: initiation of pyrolysis by forma¬

tion of free radicals, propagation of reaction with bond cleavage, and finally, forma¬

tion of the products.

Reaction Pathway 2

This pathway is important for higher temperature regimes and leads to the formation

ofprimary tar that includes anhydrosugars like levoglucosan, oligosaccharides and

products from dehydration of pyrans and furans. The main reaction in this pathway
contains the depolymerization of cellulosic macromolecules by transglycosilation

(intramolecular substitution of glycosidic bridges in cellulose by a free hydroxy

group). It is depicted in Figure 2-13.

These reactions are accompanied by dehydration. Subsequently, bond scission and

disproportionation reactions in the gas phase occur which result in the formation of

a mixture of gases, condensable volatiles and char. With increasing temperature, the

tar-forming reactions gain importance over the formation of gases and char.
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CH2OH
CH2OH

CH2OH

O

HO

CH2OH

1-Anhydride 1 4-3 6-Dianhydnd
(Furanose)

Figure 2-13 :Pyrolysis of cellulose forming anhydrosugars and other products by

transglycosilation reactions. According to SHAFIZADEH, 1982.

Reaction Pathnay 3

At temperatures above 500°C and at high heating rates, pyrolysis is dominated by the

third reaction pathway. It includes bond scission, dehydration and disproportionation
reactions as well as decarboxylation and decarbonylation reactions. The products
from these processes are a mixture of different gases and low molecular mass vola¬

tiles. These products are mainlyformed by secondary reactions ofthe productsfrom
reactionpathway 2 (Figure 2-12). However, the direct conversion of cellulosic mac¬

romolecules cannot be ruled out completely.
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As already mentioned, the influence ofprocess parameters on pyrolysis mechanisms

and product yield distributions can mainly be attributed to their direct influence on

secondary tar reactions (Serio, et al., 1995, Morf and Nussbaumer, 1998).
The parameter/we/ composition may be an exception from these findings. In the case

of biomass, its constituents exhibit different thermal properties. The thermal behav¬

ior of the entire biomass represents the sum of the properties of its organic constitu¬

ents (Shafizadeh and McGinnis, 1971). The main constituents of wood are

cellulose (39-48 m-%), hemicellulose (23-39 m-%) and lignin (21-29 m-%) [Wen-

zl, 1970].
The different thermal behavior ofthe main components ofwood during pyrolysis can

be tracked by thermal gravimetric analysis (TGA). An example provided by
Shafizadeh and McGinnis, 1971 is shown in Figure 2-14 (xylan is a representa¬

tive for hemicellulose).

100

^^'N<\
- "V •'-. *»i

l Acid lignin

\ \\ \ \>v%
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\. ""»^lignin
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Figure 2-14:Thermal gravimetric analysis (TGA) ofpoplar wood and its main con¬

stituents (Shafizadehand McGinnis, 1971).

The different behavior of the main components can be explained by their chemical

structures (Gronli, 1996) which are shown in Figure 2-15. Cellulose loses its mass

in a relatively narrow temperature range which is consistent with its relatively simple
structure. The less stable xylan (hemicellulose) starts to decompose earlier than cel¬

lulose. In contrast to cellulose and hemicellulose, lignin shows a gradual loss of

weight from about 200 to 500°C. This behavior is due to the wide variety of func¬

tional groups and consequently, bond strengths present in lignin.
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Figure 2-15: Chemical structures of a) cellulose, b) hemicellulose and c) lignin.

(Serioetal., 1995).
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Kinetic Modelsfor Pyrolysis

The kinetic modeling of pyrolysis documented in literature has been reviewed by
several authors, for example by Di Blasi, 1993 and Gronli, 1996. The pyrolysis

process is far too complex for the development of realistic mechanistic kinetic mod¬

els of pyrolysis. Therefore, strongly simplified kinetic schemes involving product
classes ("lumps") instead of single species are used.

An overview of widely used kinetic schemes for pyrolysis models is given in Figure
2-16.

Global one-step reaction

Solid fuel Char + Volatiles

Parallel reactions

k
Cellulose Char + Volatiles

Hemicellulose-^ Char + Volatiles

k

Lignin - . Char + Volatiles

Competitive Reactions

Solid fuel

"Broido-Shafizadeh"-model

(Bradbury et al, 1979)

Cellulose - .
"Activated"

Cellulose

Tar

u Char +

(1 -u) Gases

Model by Di Blast and Russo, 1994

Solid fuel

Tar

Char

Figure 2-16: Kinetic modelsfor pyrolysis.

In the global one-step model, the decomposition of the fuel into "volatiles" (no dis¬

tinction between gases and tar is made) is described in one first-order reaction. The

main drawback of this very simple approach is that it does not provide any informa¬

tion about the product yield distribution.
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Often, a constant distribution between the products is assumed by introducing
stoichiometric coefficients. In this case, the mass balance for tar is given by

d

dt T akj(m^ -mr (2.18)

where

mT: mass of total tar

ms: mass of solid fuel

nCrJD: mass of final char yield
a: stoichiometric coefficient for tar

as well as the reaction constant k,, whose temperature dependence is usually de¬

scribed by the Arrhenius equation

i

,
RT

=

k0e

where

k0: frequency factor

EA: activation energy

R: general gas constant

T: temperature.

(2.19)

It should be noted that with the assumption of the parameters mCx and a, the final

yield of tar is preset and does not depend on the operating conditions.

Models with parallel reactions account for the different proportions of the main

components of woody fuels by assuming independent reactions of cellulose, hemi¬

cellulose and lignin. However, these models have the same disadvantage as the one-

step models, that is, the product distribution has to be preset by stoichiometric coef¬

ficients, and not only two, but six coefficients must be specified.
This principal disadvantage of the first two classes of models can be overcome by

using models with competitive reactions, as proposed by Shafizadeh and Chin,

1977. However, this model suggests that certain reaction conditions permit the entire

conversion ofwood into an individual product specie at the expense of the two other

species (Gronli, 1996).



iÉMIliiS

Multi-step, competitive reaction schemes are proposed in many different forms. The

"Broido-Shafizadeh"-model (Bradbury et al., 1979 modified a model proposed

by Broido, 1979) was one of the first of this kind. Its kinetic parameters are given
in Table 2-7. The necessity of the intermediate step to form active cellulose has been

subject of discussions.

The newer models account for secondary tar reactions by one or even two competi¬
tive reaction steps. In the model by Di Blasi and Russo, 1994, the tar "cracking"
reaction parameters (Table 2-8) were based on data by Liden et al., 1988, whereas

the parameters for the char forming reaction were assumed.

1 2.83-1019 242.8

2 3.17-1014 198.0

3 1.32-1010 150.7

Table 2-7: Reaction rate constantsfor pyrolysis proposed by BRADBURY ETAL.,

1979.

Tar "cracking" 4 280T06 108.0 -42.0

Char formation 1000T06 108.0 -42.0

Table 2-8: Secondary reaction rate constants used in the pyrolysis model by
Di Blasiand Russo, 1994.

After having applied different kinetic schemes in a dynamic, 1-dimensional model

for pyrolysis of moist wood, Gronli, 1996 emphasizes the importance of reliable ki¬

netic data of processes like secondary tar reactions for a realistic simulation of pyro¬

lysis.
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2.2.3 Secondary Tar Reactions

Secondary tar reactions can be classified according to the phases involved in the re¬

actions:

Homogeneous reactions: reactions in the gas phase, such as cracking, partial
oxidation and (re)polymerization

Heterogeneous reactions: reactions on the surfaces of partially pyrolyzed bio¬

mass or char particles. Basically, the same reactions as in the homogeneous
case are possible. However, appropriate surfaces may exhibit a catalytic effect

The above mentioned cracking is a process in which higher-molecular-mass com¬

pounds are converted to low-molecular-mass materials through carbon-carbon bond

fission:

H+

The term "cracking" was established in the petroleum industry where three technical

processes are distinguished: thermal cracking, catalytic cracking and hydrocracking.
For the present work dealing with secondary tar reactions during thermochemical

biomass conversion, the chemical process thermal cracking (also referred to as "py¬

rolysis" of hydrocarbons) is important. The principal reactions generally proceed via

radical pathways and involve hydrogénation or dehydrogenation concurrently with

fragmentation of the carbon skeleton. A detailed description of suggested mecha¬

nisms is given in the work by Olah and Molnar, 1995.

On the other hand, polymerization is the transformation of low-molecular mass

(monomers, oligomers) into high-molecular-mass compounds (polymers, macro¬

molecules, polymers). The related term condensation signifies the unification of at

least two molecules under separation of a simple molecule, like water. Fused ring

systems (or polyaromatic hydrocarbons, PAH) like naphthalene, anthracene,

phenanthrene etc. are products of condensation.

Whereas there is a considerable amount of literature on pyrolysis ofbiomass, the re¬

search that focuses on secondary tar reactions is limited to only a few studies

(Boroson, 1987, Morf and Nussbaumer, 1998). There is a demand for kinetic

data for the description of secondary tar reactions, especially with regard to the be¬

havior of important compound classes (Milne et al., 1998).
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The following literature review is subdivided into four sections: in the first section,

studies with a focus on change of tar composition and on chemical reaction path¬

ways are presented. The following three sections deal with specific types of second¬

ary tar reactions, that is homogeneous conversion with and without externally

supplied oxidizing agents and heterogeneous conversion.

Fteaetion Pathways of Secondary Far Reactions

Evans and Milne, 1987(a) investigated the molecular pathways of primary tar as

a function oftemperature, residence time and other parameters of interest by a direct-

sampling, mass spectrometric technique called molecular-beam mass spectrometry

(MBMS). The MBMS-system was coupled to the "pyrolysis vapor generator", a

two-section resistance-heated flow reactor. In the first zone, solid fuel samples (10-
1000 mg) were pyrolyzed in a batch process to produce the "primary" vapors which

were swept to the second zone for vapor phase "cracking". The heating rates in the

primary pyrolysis zone were in the range of fast pyrolysis, i.e. some degrees per sec¬

ond. The obtained results from MBMS-analysis were semiquantitative, i.e. the rela¬

tive change of species can be tracked, but not their absolute values. For the

evaluation of the obtained mass spectras, multivariate statistical analysis methods,

such as factor analysis (see Chapter 4) were used.

The authors characterized the "primary vapors" as low molecular mass products,

representing monomers and fragments of monomers of the biopolymers ofbiomass.

Levoglucosan was the dominant product of pure cellulose pyrolysis (see Section

2.2.2). The fact that the levoglucosan yield is low in the pyrolysis of most biomass

materials is explained by the presence of minerals (alkali material like potassium or

sodium). They inhibit the formation of levoglucosan from cellulose and favor the

formation offurfural derivatives, carbonyl compounds such as acetaldehyde and ace¬

tol as well as increasing amounts of char. Typical products from the pyrolysis of li¬

gnin were isoeugenol, vanilin, vinilguaiacol as well as methylguaiacol, guaiacol and

catechol.

By conducting experiments with increasing temperatures in the second zone of the

flow reactor used, characteristic changes in the tar compositions could be observed.

Accordingly, the authors distinguish a "primary pyrolysis" regime at temperatures

from 400 to 700°C that yields the oxygenates described in the section above. The

secondary "hydrocarbon" regime from 700 to 850°C mainly produces phenolics and

olefins. Tertiary products appear in the temperature range of 850-1000°C and are

characterized by the presence of aromatics. The authors' findings of "pyrolysis"

pathways are summarized in the diagram in Figure 2-17.

According to Evans and Milne, the solid products can be distinguished by their ori¬

gins: charcoal retaining the morphology of the original lignocellulosic; coke arising
from the thermolysis after the deposition of liquids and organic vapors, and soot
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from the homogeneous nucleation of high-temperature products of hydrocarbons
from the vapor phase. As mentioned by the authors, only the upper, vapor-phase

pathway in Figure 2-17 is experimentally verified; the condensed-phase transitions

could not be tracked by their experimental set-up.

Primary Tar Secondary Tar Tertiary Tar

Vapor

Liquid

Solid

H20, C02
CO

Primary Oil

Vapors
(Oxygenates)

Light
Hydrocarbons,
Aromatics and

Oxygenates

Olefins,
Aromatics

CO, CO,

H20, CH4

PAH

CO, H2, C02.
H20, CH4

CO, H2,
C02, H20

Reaction Severity

Figure 2-17: Pyrolysis pathways, according to EVANSAND MlLNE, 1987(C).

Figure 2-18 illustrates the experimental findings by these authors (Evans and Mil¬

ne, 1997). The appearance of the several product classes is described in function of

the secondary reaction zone temperature. Here, the "tertiary" products are subdivid¬

ed into alkyl aromatics and polyaromatic hydrocarbons (PAH). As shown by the

product distribution in Figure 2-18, the primary and tertiary products are mutually
exclusive. Consequently, the occurrence of primary and tertiary tar constituents in

the same tar sample from a technical gasifier could indicate channeling of the gas

flow in the fixed-bed gasifier (Evans and Milne, 1997(b)).
The system for classification of tar compounds by Milne et al., 1998, which was

based on the work by Evans and Milne, is used in the present study. It should be not¬

ed that the term "secondary tar reactions" is not restrictively used for conversion re¬

actions that lead to secondary tar; in fact, it is used for all processes that convert the

primary tar either into secondary and/or tertiary tar.

WmWWmMm
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700 800

Temp9rature, C

Primary Secondary ATertiary-alkyl d Tertiary -PAH

Figure 2-18: Product classes from pyrolysis in function of reactor temperature

(Evansand Milne, 1997).

A specific investigation of pathways from primary biomass tar constituents to (ter¬

tiary) aromatic aldehydes and PAH was conducted by Egsgaard and Larsen,

2001. A flow reactor system was used to study the thermal reactions of model pre¬

cursors such as phenol, guaiacol and isoeugenol as well as oligomers from phenol.

According to the authors, these phenolic compounds are produced by pyrolysis of li¬

gnin and therefore, are dominant primary tar constituents.

It could be shown that the formation of aromatic aldehydes results from pyrolysis of

the precursor guaiacol. Furthermore, the authors elucidate the formation of aromatic

hydrocarbons. The rate-determining step in the pyrolysis appeared to be a 1,3 hydro¬

gen shift leading to cyclohexadien-(2,4)-on, followed by decarbonylation (Figure 2-

19).

OH

CO -O

a) b)

Figure 2-19: a) rate-determining step in the pyrolysis ofphenol and b) formation of

naphthalene and methylindenes (according to EGSGAARD AND LARSEN, 2001).
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Subsequently, the formed cyclopentadiene undergoes a Diels-Alder reaction which

leads to the dimer. This equilibrium system rearranges further by loss of hydrogen

leading to naphthalene and indenes. The experimental results from the pyrolysis of

the above mentioned phenols corroborated the author's theory, according to which

phenol is a specific precursor for the formation of naphthalene and methylindenes.
Mechanisms and kinetics of the thermal reactions of the aromatic hydrocarbons in

the presence of hydrogen and steam were studied by Jess, 1996 (a). Napthalene, tol¬

uene and benzene were used as model compounds for tar from raw coke-oven gas.

The motivation for the work was to provide the fundamentals for the design of a pro¬
cess to produce reduction gas from the raw coke-oven gas.

The experimental results revealed the following order of reactivity:

toluene » naphthalene > benzene.

The kinetic data of thermal conversion determined in the experiments are given in

Table 2-9. According to Jess, the steam has little or no influence on the reaction rates.

Hydrogen, on the other hand, inhibits the conversion of naphthalene and benzene

(negative reaction order) which is, according to the author, a result of the inhibition

of soot formation by H2.

Naphthtalene \ 7.1014

[m°-3mol-°-1s-1]

Toluene 3 3.1 o10

[m mois" ]

350

247

1.6 -0.5

0.5

Benzene 2.0-1016

[mol01 nfO-V1]

443 1.3 -0.4 0.2

Table 2-9: Kinetic data ofthermal conversion ofmodel compoundsfor coke-oven

gas determined by JESS, 1996 (A).
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The findings from this experimental investigation led to a simplified overall reaction

scheme depicted in Figure 2-20. Sootformation, above all from Napthalene, is em¬

phasized as an important product from thermal conversion of hydrocarbons. Howev¬

er, in a reaction system containing steam, the soot will be gasified in consecutive

reaction steps.

+cn Soot-precursors

-»2 / + *

Tar (naphthalene)

-Soot

Xylenes _Cf/c2
Benzene -> C, / C2

Figure 2-20: Simplified reaction scheme ofthermal conversion ofaromatic hydro¬
carbons in the presence ofhydrogen and steam (JESS, 1996 (A)).

Homogeneous Tar Conversion without Oxidizing Agents

Quantitative kinetic data on homogeneous tar conversion without the presence of ox¬

idizing agents was determined by Boroson, 1987 using a two-chamber reactor sys¬

tem. "Primary" tar, generated by slow pyrolysis of a batch fuel sample (20 mm thick

"bed" of sweet gum hardwood particles, size: 45-250 um, mass: 0.5 g, heating rate:

0.2°C/s) was swept by helium as a carrier gas into an adjacent reactor where the tar

was subject to thermal treatment. The effects of temperature (400-800°C) on homo¬

geneous tar conversion at gas residence times of 0.9-2.2 seconds were determined.

For residence times of about one second, homogeneous tar conversion ranged from

9 m-% at 500°C to 88 m-% at 800°C. Carbon monoxide was found to be the quanti¬

tatively most important product from homogeneous conversion; its yield ranged
from 50 to70 m-% of the "primary" tar. The highest values found for the products

CH4 and ethylene were both around 10 m-%. Only negligible amounts of soot (re-
fened to as "char" in this work) were found in the second reactor. Therefore,

Boroson concludes that higher concentrations of tar are necessary for the bimolecu-

lar char (soot) formation reaction. Size exclusion chromatography (SEC) was ap¬

plied for tar sample characterization. The results showed a general shift towards

lower-molecular mass material with increasing conversion temperature, however, no
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shift towards higher molecular weight tar could be observed. According to the au¬

thor, these findings conoborate the assumption that little or no (re)polymerization of

tar molecules occuned, which is again explained by the tar concentrations in the re¬

actor that were too low for bimolecular reactions.

The experimental data were conelated using a distributed activation energy model

(DAEM) developed for secondary reactions of coal tar (Pitt, 1962, Anthony et

al., 1975). In this model, the formation or destruction of any species is assumed to

be the result of a large number of independent parallel reactions. The rate of forma¬

tion of species /' by reaction^ is assumed to follow the first-order equation

dt Wv (2.20)

where

V„:

Y,

yield of species i by reaction j
rate constant for i by reactionj
ultimate yield of species i by reaction j.

The number of reactions is assumed large enough to be described by a continuous

function/^ wheref(E)dE represents the fraction of the total gas formed (or tar con¬

verted) with activation energies between E and E + dE.

Therefore, one reaction path Y is a differential part of the total Y\ (the sum of all

reaction pathways):

Y = dY\ = Y\fi(EI)dEI (2.21)

wheref(EJ is approximated by a Gaussian distribution with a mean activation energy

Eoi and a standard deviation ot :

f(E,)

(E.-Eq.)

1 2a2
-e

(2.22)

o*J2k

It was shown that the conelation of the experimental data was better using the

DAEM than the applied conventional single reaction model.

Other studies on homogeneous secondary tar conversion kinetics were presented by

Diebold, 1975, Kosstrin, 1980 andLiDEN, 1988.

iiiL^lEllll
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Partial Oxidation

Brandt and Hendriksen, 1996 and 1998 investigated partial oxidation of bio¬

mass tar by means of a two-stage reactor. The "primary" tar was gained from pyro¬

lysis of straw at 600°C with a yield of approximately 4 m-% based on the dry fuel

mass.

Figure 2-21: Conversion oftar from straw pyrolysis by partial oxidation (BRANDT
and Hendriksen, 1998). The amount of "primary" tarfrom the pyrolysis unit was

approximately 4 m-% ofthe dryfuel.

The results showed that partial oxidation at SR = 0.5 at 900°C results in a reduction

of the tar content (gravimetric tar determined from condensate residue) of 98-99%

(Figure 2-21). The change in composition of the tar was not investigated.

According to the results depicted in Figure 2-21, the temperature seems to have very

little influence on the tar conversion by partial oxidation. It could be shown during

partial oxidation of the tar that the hydrogen and carbon monoxide present in the gas

are not affected. However, the methane content decreased steadily with increasing
SR.

Comment by the author of the present study on these findings: the temperatures in¬

dicated in Figure 2-21 are the mean reactor temperatures used for the experiments.
No details about temperature profiles in the reactor were given by Brandt and Hen¬

driksen. Since the oxidation of tar is exothermal, the parameters temperature and SR

cannot be varied independently. Thus, an increase in the (local) reactor temperature

with increasing oxygen input probably remained undiscovered due to the limited

measurements of reactor temperatures.
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Heterogeneous lar Conversion

Most of the studies about heterogeneous biomass tar conversion focus on catalytic
tar conversion by catalysts used in secondary fixed beds for gas cleaning down¬

stream the biomass gasification reactor. As catalytic active materials, dolomite and

nickel-based materials are extensively tested. One major problem with the applica¬
tion ofthese catalysts is their deactivation because of coke formation on the surfaces.

Since the focus of the present work is on primary measures for tar conversion, these

works are not discussed here. An overview of conesponding studies is provided by
Milne et al., 1998.

Investigations on tar conversion mechanisms on catalytic active surfaces ofbiomass

char in fixed-bed gasifiers are even more rare than the studies on homogeneous sec¬

ondary tar reactions. In the study by Boroson, 1987, experiments on heterogeneous
tar conversion were conducted in the described two-stage reactor. The produced

"primary" tar was swept over freshly generated wood chars in the second reactor

stage at space times of 5-200 ms. According to Boroson, tar can be subdivided into

two fractions with respect to heterogeneous reactivity, one fraction reacts quickly
with char and wood surfaces to form additional char, C02 and CO, while the other

does not interact with char or wood surfaces. Further, it was found that heteroge¬
neous tar conversion was independent of space time and reaction temperature (400-

600°C), the conversion was 10-17 m-% of the "primary" tar

Comment by the author of the present study on these findings: the independence of

conversion from both space time and temperature was probably a result of the too

low reaction temperatures and/or too short gas residence times chosen for the exper¬

iments.

2.2.4 Summary and Conclusions of Literature Review

Secondary tar reactions control the tar mass and composition during thermochemical

biomass conversion processes like gasification. There is extensive literature on py¬

rolysis of biomass; however, investigations that specifically focus on secondary tar

reactions are limited.

Semiquantitative analysis of tar compounds in function of the (pyrolysis) process

temperature was conducted in order to investigate the general sequence of classes of

tar constituents during homogeneous secondary tar reactions (Evans and Milne,

1987(a)); these analytical methods were also used for the analysis and characteriza¬

tion of tar samples from applied systems for gasification and pyrolysis of biomass

(Evans and Milne, 1997(b)).
Other studies related the process temperature to physical and biological properties of

the formed tar (Elliott, 1988). Only a few studies provide kinetic data of homoge¬
neous biomass tar conversion processes (Diebold, 1975, Kosstrin, 1980,

Boroson, 1987, Liden, 1988). Studies on heterogeneous secondary tar reactions in-
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volving wood chars as catalytically active surfaces (Boroson, 1987 and 1989) are

also rare. No kinetic models for heterogeneous secondary tar reactions involving
fresh wood char are described in the literature. A detailed work on mechanisms and

kinetics of conversion of hydrocarbons from pyrolysis was based on homogeneous
conversion experiments with tar model compounds (Jess, 1996 (a)).

Sometimes, the findings from experimental studies on secondary tar reactions report¬

ed in the literature were found to be contradictory. For example, in his experiments
on homogeneous secondary tar reactions, Boroson, 1987 did not find evidence for

the occunence of (re)polymerisation reactions that lead to the formation of con¬

densed aromatics (i.e. PAH) and eventually, to the formation of soot, which is in con¬

trast to the conesponding findings by Evans and Milne, 1 987(a) and other workers

in this field.

Another critical comment must be made with regard to the type of experimental set¬

ups used in some studies. In some experiments, pyrolysis was performed as a batch

process for the fuel, for which reason there is a sequential release of tar compounds

according to their volatility into the gas phase. Thus, using batch pyrolysis reactors

for the fuel, it is impossible to treat the whole tar matrix at exactly the same time in

the adjacent tar conversion reactor. This drawback could have been overcome by de¬

signing a continuously fuel-fed pyrolysis process.

Generally, it can be stated that the available experimental data on tar conversion in

the literature either are not quantitative, provide little or no information on the tar

composition, or are derived from experiments using model tar substances instead of

real tar from biomass pyrolysis.
In order to determine kinetics for tar conversion, there is a need for quantitative data

on secondary tar reactions related to clearly defined process conditions; especially
the tar composition should be tracked in conesponding studies.

iiitwJPillll



Chapter 3

Experimental

3.1 Tar Conversion Reactor System

3.1.1 Concept
A laboratory reactor system for the investigation of the conversion of tar produced
under real fixed-bed conditions was designed and constructed. The concept ofthe re¬

actor was laid down as a result of a previous literature review on tar formation and

conversion during biomass gasification (Morf and Nussbaumer, 1998).
The main principle of the system is the spatial separation of the "primary" tar pro¬

ducing pyrolysis process and secondary tar reactions (Figure 3-1). After continuous

production in the pyrolysis stage, the tar containing pyrolysis gas is swept to the ad¬

jacent reactors where homogeneous and/or heterogeneous tar reactions are investi¬

gated.

food chips

Pyrolysis of

large wood chips
"Primary" Homogeneous or

heterogeneous tar

conversion
arrier gas

_

pyrolysis gas,

containing

"primary" tar

*

r
'

Gas analysis and tar sampling

Figure 3-1: Concept of the reactor system for the investigation of secondary tar

reactions.

The following specifications were considered for the design of the reactor system:

continuous operation of pyrolysis and conversion reactors

wood chips in technical size ( > 10 mm) as fuel for the pyrolysis unit

pyrolysis of the fuel particles in a fixed bed

Wm^wWmmm
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The continuous operation of the system was chosen because the analysis of tar and

gaseous components as well as the measurement of reaction conditions (e.g. temper¬

atures) can be accomplished more reliably in steady-state than in transient processes.

The other two requirements were defined based on the following considerations:

It is impossible to produce and isolate tar experimentally without the occunence of

secondary tar reactions. Therefore, the term "primary" tar must be operationally de¬

fined. Different reaction conditions, such as different heating rates of the solid fuel,

cause secondary tar reactions to various extents, which also influence the composi¬
tion ofthe "primary" tar. Since continuous operation ofthe experimental reactor sys¬

tem was requested, there were two options concerning the choice of the pyrolysis
reactor type: a fluidized-bed reactor or a fixed-bed reactor. Due to the focus of the

present work, and for reasons of comparability ofthe experimental results with avail¬

able data from applied systems, the fixed-bed reactor was chosen. Hence, it was re¬

quested that the pyrolysis lab reactor provides pyrolysis conditions - especially with

regard to the parameters heating rate and final temperature - that are comparable to

those previously measured in an open-top gasifier (model IISc-DASAG, described

by Sharan et al., 1997, also see Section 2.1.4 and Chapter 7 of the present work).

Consequently, the tar leaving the pyrolysis fixed-bed reactor is refened to as "prima¬

ry" tar throughout the thesis.

3.1.2 Description of reactor system
All components of the lab reactor system are depicted in Figure 3-2 (piping and in¬

strumentation diagram). In the following descriptions, the letters in brackets refer to

the marks indicated in this piping and instrumentation diagram.
In the wood pyrolysis unit (WPU), the fuel wood chips are stored in a gas-tight con¬

tainer (C) of about 75 1 volume. They are transported through the tubular pyrolysis
reactor (material: steel DIN-class 1.4571) by means of a screw-conveyor system at a

feed rate of 1.6 kg wood per hour. The mean residence time of the fuel particles in

the heated zone is around 26 min. The heat for the pyrolysis process is provided by
two heating jackets (1050/1600 W), which are constantly operated at 650°C. The

evolving pyrolysis gases are swept out of the reactor by means of a nitrogen carrier

gas flow (A), using a mass flow controller (model Bronkhorst F-201 AC). At the end

of the WPU, the produced char solids are separated from the gas and stored in a gas-

tight container (E). A small pyrolysis gas flow (F) is drawn from the connecting tube

between gas outlet and char container. Thus, there is a resulting net flow down to the

container. This flow prevents the contact of the main "primary" pyrolysis gas flow

with the wood char and consequently, prevents premature heterogeneous secondary
tar reactions.

iBWIli
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The main pyrolysis gas flow is swept to the adjacent reactors for the investigation of

homogeneous (HOTCR) and heterogeneous tar conversion (HETCR). The HOTCR

consist of an oven (model Gero SR-A 100-500/11, 3800 W) with a horizontally in¬

serted reaction tube (inner diameter: 28.5 mm, material: quartz glass). The HETCR

is constructed similarly, with the oven (model Hereaus, 2500 W) and reaction tube

(inner diameter: 21 mm, material: Alloy 600) in a vertical position.
In order to prevent from condensation of the tar, the piping system connecting the

WPU and the adjacent reactors had to be heated electrically to keep a temperature of

400°C inside. The piping system contains several valves, fittings and sub-systems;
there are the tar sampling ports (G), the gas cleaning lines for the on-line gas analysis

(H) and the gas velocity measuring lines (I) based on the Pitot-tube principle in order

to monitor the gas volume flow rate. All gas flows are led to a swirl burner system

(M) where the gas is burnt with the help of a methane-fed pilot flame (L).
All heaters used in the systems are controlled by separate temperature controllers

(PID and PD algorithm). A personal computer (Q) equipped with two multifunctio¬

nal I/O boards (National Instruments, type NB-MIO-16) is used for the control and

data acquisition by means of a specially developed LabVIEW program. It allows the

control (and recording) of the following parameters

carrier gas (N2) flow rate

fuel feed rate

origin of analyzed gas flow.

Additionally, the process parameters reactor temperatures and gas composition are

indicated and recorded by the computer. The methods used for the measurement and

determination of these and other parameters are elucidated in the following section.

3.1.3 Measurement and Determination of Process Parameters

The concentrations of the non-condensable gases CO, C02, CH4, H2 including oxy¬

gen in the dry pyrolysis gas are measured by conventional on-line gas analyzers (P).
The equipment used and the measuring principles are given in Table 3-1. The gas

flow to be analyzed can be selected by switching the valve system (N) controlled by
the computer.

Since the hot pyrolysis gas contains high amounts of tar and water that are harmful

for the gas analyzers, these flows have to be quenched, dried and cleaned prior to the

analysis. This is accomplished by means of the gas cleaning lines (H). They consist

of four impingers kept at 5°C, two filled with water and the other two with the or¬

ganic solvent used for tar sampling (see below). After the cooling and washing of the

gas, the gas passes an activated carbon filter and a quartz wool filter before entering
the analyzers.



The temperatures in the reactors and in the piping systems are measured by several

thermocouples (type K). In the case of the HOTCR, non-isothermal operation is in¬

evitable due to heat transfer effects. However, for the evaluation of the experimental
data later on, the exact temperature history of the gas in the reactor is of great impor¬
tance. Therefore, a moveable thermocouple (J) was inserted in the HOTCR in order

to record the axial temperature profiles at different external heating levels of the ov¬

en. In order to minimize the enor in temperature measurement due to heat exchange

by radiation, the sensor tip was coated with ceramic.

The post-processing method for the measured data (concentrations of non-condens¬

able gas species and temperatures) is elucidated in Appendix A-l.

o Uras 10E Hartmann & Braun 0-10 NDIRa

H4 Uras 10E Hartmann & Braun 0-5 NDIR

h Uras 10E Hartmann & Braun 0-25 Param

o2 Binos 100 Leybold 0-15 NDIR

k Thermor 6N Maihak 0-25 HCDC

Table 3-1: Gas analyzers used. Superscripts: a: non-dispersive infrared, b:

paramagnetism, c: heat conductivity detection.

Tar conversion includes cracking and polymerization reactions that change the total

number of moles. Therefore, the volumetric flow rate of the pyrolysis gas up and

downstream of the HOTCR had to be determined. However, it was found that the Pi-

tot tube systems (I), which were used to monitor the volumetric flow rate qualitative¬

ly during the experimental runs, provided rather inaccurate quantitative results. The

reasons for these findings are the difficult calibration of the systems and sedimenta¬

tion of (soot) particles at the tube openings during the experiments. Therefore, the

volumetric flow rates were calculated by means of a mass balance of reactor in- and

outflowing gases, using the known nitrogen carrier gas flow (see Section 5.1.1).
The water content of the pyrolysis gas was determined from the water content of the

wet tar samples, using the Karl-Fischer titration method.



3.1.4 Fuel

A mixture of fir and spruce wood chips was used as the "standard" fuel for all exper¬

iments. The "raw" wood chips obtained from the sawmill exhibited a broad size dis¬

tribution from dust to 50 mm particle length, which caused problems for the screw

conveyor in the WPU. Moreover, it was shown that the high moisture content of the

raw wood chips resulted in too large amounts of condensate in the gas cleaning lines.

For these reasons, the wood chips were subjected to the following procedure: they
were sieved by means of a vibration sieving device using only the middle fraction

from two sieves with 11.2 mm and 14.0 mm mesh size. Then, the chips were spread
out on perforated sheet metal for drying by convection by means of an air ventilator

at temperatures around 25°C for about 12 hours. After that, the moisture content of

the fuel particles was determined by a heating-balance system (model Mettler PE

3600). The average moisture content wdf of the wood chips was 13 m-%. The bulk

density of the non-compressed wood chips was approximately 175 kg/m3. Figure 3-

3 shows the shape and size of the fuel wood chips used.

Figure 3-3: Wood chips used asfuelfor the lab reactor system.
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3.1.5 Operating Modes of Lab Reactor System

Experiments on homogeneous and heterogeneous tar conversion without the exter¬

nal supply of oxidizing agents were conducted. The conesponding operating proce¬

dures are given in the following sections.

Preliminary experiments were conducted in order to put the whole system into oper¬

ation. Doing this, several technical problems were solved, such as

reliable particle transport by the screw conveyor in the WPU

sufficient heating ofthe piping system in the area ofthe fittings in order to pre¬

vent the tar condensation/particle accumulation

sufficient conditioning of the gas flow for on-line gas analysis.

These experiments also served for testing the tar sampling equipment and sampling

procedures which are described in Section 3.2.1 and 3.2.2.

Homogeneous tar conversion experiments were conducted in the reactor system in

mode A. In this mode, two different configurations of the HOTCR were used. In the

first configuration (mode Al), the HOTCR was furnished with a reaction tube with

a large diameter (98 mm, material: Inconel 600) for experiments with long gas resi¬

dence times in the reactor (several seconds). In order to start the system's operation
for an experimental run, the whole system was flushed with N2, and after reaching 0

vol-% 02, a constant carrier gas flow of 0.19 ln/s was set. Then the WPU heating

jackets both were set at a temperature of 650°C and the fuel feed rate was increased

by steps up to the standard operation value of 1.6 kg/h. This startup procedure lasted

about 3 hours until the steady-state of the pyrolysis process was reached. The pyro¬

lysis temperature measured near the reactor outlet of the WPU was approximately
420°C in this configuration. The HOTCR was operated at several steady-states using
heater surface temperatures in the range of 500-1000°C.

For modeA2 experimental runs, a quartz tube with an inner diameter of 28.5 mm was

installed in the HOTCR oven. With a carrier gas flow rate of 0.4 ln/s, isothermal

space times < 0.2 s in the heated section of the HOTCR were achieved in this con¬

figuration (see Section 5.1.1 for details about reaction conditions). All other param¬

eter settings and procedures were the same as in mode Al. The mean pyrolysis

temperature measured in the WPU reactor in mode A2 was around 380°C. The HOT¬

CR was operated with heater surface temperatures in the range of 500-1100°C. The

temperature profiles in the HOTCR reaction tube were also measured in the A2

mode.

The mode B runs included the experiments on heterogeneous tar conversion. These

experiments required extensive preparation concerning the char fixed bed in the re¬

action tube of the HETCR. In the first test runs, the char produced by pyrolysis of the

fir/spruce wood chips in the WPU (Figure 3-4, left) was used.
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Figure 3-4: Char usedfor mode B experiments. Left: char producedfrom the fir/

spruce chips in the WPU. Right: char madefrom maple spheres.

However, since this char was very brittle, it caused blockage of the reactor outlet fit¬

tings during the experimental runs. Therefore, char from uniformly shaped wood

(maple) spheres was separately produced by batch pyrolysis in a quartz tube. The

produced char spheres had a diameter of about 4 mm (Figure 3-4, right) and were

more stable for this application.

However, blockage in the HETCR remained a problem since at high temperatures,

gasification reactions of the pyrolysis gas (contains steam) with the char occuned,

which caused further shrinking of particles.
Before every mode B experimental run, the char particles were inserted in the verti¬

cal reaction tube, the reactor was closed and an electrical heater at the reactor inlet

was installed and insulated. The start-up procedure of the system, except the HET¬

CR, was the same as in the mode A2 runs. The HOTCR was constantly kept at 400°C

as in the piping system. During the heat up phase of the WPU, the HETCR was

flushed with N2 and heated up to operation temperatures. The valve connecting the

piping system with the HETCR was closed in the heat-up phase in order to prevent

premature reactions due to contact of the gas with the char. As soon as the WPU

reached steady-state, this valve was opened and the N2 flush was stopped. In contrast

to the mode A runs, the main pyrolysis flow was split before entering the HETCR

and only a slipstream was drawn through the conversion reactor - either by the pump

used for the tar sampling, or by the pump used in the gas analysis system in the heat-

up phases of the HETCR. Therefore, the gas residence time in the HETCR was con¬

trolled mainly by these pumps. During the tar sampling, the gas flow leaving the

sampling train was fed in the gas analysis devices in order to record the gas compo¬

sition.
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Figure 3-5: Woodpyrolysis unit (WPU) and reactor for homogeneous tar conver¬

sion (HOTCR) oflab reactor system.

Figure 3-6: Reactorfor heterogeneous tar conversion (HETCR) and liquid quench

system for tar sampling.
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3.2 Tar Sampling

As elucidated previously, tar is a complex mixture of organic species. Because of the

large number of substances present in these mixtures, the definitions used for "tar"

are almost exclusively operational. For this reason, the method used for the sampling
of tars is of great importance for the definition of "tar" since this procedure defines

the number of substances included in the samples. If, for example, a wet chemical

sampling method is chosen, physical and chemical conditions during the sampling

procedure, i.e. parameters like temperature, type of tar solvent used, vapor pressure

of solvent, contact time between gas and solvent, are crucial for the collection effi¬

ciency for highly volatile aromatics such as benzene and toluene.

Until now, various sampling methods are used worldwide. Some of these methods

may provide reliable data and may be suitable if used for a specific type of biomass

conversion reactor, however, when it comes to the comparison of the gas qualities of

different biomass gasifiers, the same, standardized sampling procedure has to be

used. Therefore, there are international efforts with the goal of defining a guideline
for sampling and analysis of tar from biomass producer gases (Neeft et al., 2001).
Since the guideline is not yet available in its final version, a new method was devel¬

oped for the present work, following the principles proposed by Neeft et al. The prin¬

ciple of the guideline is based on the discontinuous sampling of a gas stream

containing particles and condensable organic compounds. The procedure proposed
allows the quantitative determination of particles as well.

The ETH/Verenum particle and tar (P&T) sampling method (Hasler et al., 1998)

represents a predecessor for the method defined by the guideline by Neeft et al. It is

a classical impingement train in which anisole is used as a tar absorption solvent. The

main drawbacks of the ETH/Verenum (P&T) method are:

particulate are found in the entire sampling train

ice formation in the organic solvent impingers
collection efficiencies for highly volatile aromatics (benzene, toluene) are <

90%

time-consuming cleaning of the set-up after a sampling run.

The method produces two sample phases (organic and watery), which requires a time

consuming postsamphng treatment and subsequent analysis procedure. The main

limitations of the method, namely the ice formation and the time consumption of the

procedure, are overcome by the method used for the present work. It is described in

the following section.
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3.2.1 Method for tar sampling by means of a liquid quench system
The investigations conducted for the present project required the sampling of tar at

several steady-states ofthe conversion reactor system dunng a run in a certain mode

The duration of a such a run was around 10 hours, therefore, a sampling method that

required less time than one man hour per sample was necessary It became evident

that the cleaning procedure for the ETH/Verenum sampling system is very time con¬

suming, especially the cleamng of the tube system upstream the impingers More¬

over, the method applied for the present investigations had to be equally suitable for

"pnmary" pyrolysis gases that contained very high tar loads (several hundred grams

per mn3, compared to max 20 g/mn3 for conventional trains) These two problems
were solved using a liquid quench system which was constructed based on the system

presented by Amand et al 1997 The mode of operation of the system used for the

expenments is shown m Figure 3-7

from sample
port (lab reactor)

solvent

stock

bottle

Figure 3-7 Mode ofoperation ofliquid quench system
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A flexible tube system containing an inner and an outer tube connects the reactor's

sampling port and the solvent stock bottle of the liquid quench system.

The solvent is pumped up to the sampling port in the space between the outer and the

inner tube and rinses back on the inner walls of the inner tube, creating a liquid film

and thus providing a large contact surface between gas and liquid. Thus, the liquid

quench system improves the mass transport between the gas and the liquid phase.

Moreover, the distance between the heated sampling port and the quenching area that

has to be cleaned due to condensation of tars is reduced to a few millimeters.

The complete sampling train used in this work is shown in Figure 3-8. The solvent

used for the sampling was l-methoxy-2-propanol. After several tests with different

organic solvents (candidate solvents: ethylene glycol isopropyl ether, iso octane, n-

butyl acetate, isobutyl methyl ketone, isobutyl acetate toluene di n-butyl ether, ani-

sole, l-methoxy-2-propanol), l-methoxy-2-propanol was chosen because of its good

solubility for both "primary" and converted tar and its solubility with water that pre¬

vents the problem of ice formation and simplifies the post-treatment of the samples

considerably. Thus, the solvent stock bottle of the liquid quench and the following
three impinger bottles were filled with this solvent. The last impinger bottle in the

train was left empty in order to function as a drop-separator. The solvent stock bottle

of the liquid quench was kept in an ice/water bath; the following four impingers were

placed in a cryostat operated with isopropyl alcohol at - 25°C. After the drop-sepa¬
rator bottle, a solid adsorber cartridge filled with activated carbon and a quartz wool

filter were connected. The gas flow is drawn through the sampling train by means of

a double-head membrane pump (model: KNF). The flow rate could be controlled by
a valve inserted in a pump bypass. The integrated volume of the sampled gas was

measured using a gas meter (model Wolgroth G-1.6). The sample train exit gas was

led to the burner or introduced in the on-line gas analysis system during mode B runs

of the lab reactor system.
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from tar

sampling port

impinger bottle train activated quartz membrane

carbon wool pump

cartridge filter

-ess

to flare

Figure 3-8: Tar sampling train used in this work.

3.2.2 Tar sampling procedure
Before each sampling run, a sampling bottle and a sampling protocol for recording
the sampling data (see Appendix A-2) were prepared.
The liquid quench stock bottle and the impingers were filled with l-methoxy-2-pro-

panol (Merck, purity > 99.5%), using approximately 250 and 50 gram per stock and

impinger bottle, respectively. The bottles containing the solvent were placed in the

cooling baths at least one hour before the start ofthe sampling. During each sampling

run, a gas volume > 90 ln at flow rates around 300 ln/h was sampled and the integrated

gas volume was periodically recorded. At the end of the sampling, the liquid quench

system was operated with reversed flow for one minute in order to rinse the inner gas

tube. The contents of all solvent containing bottles were poured into the sampling
bottle prepared earlier. Tar residues remaining in the bottles and at the inlet of the

liquid quench system were washed out using additional fresh solvent. This washing
solution was also poured into the sampling bottle. After that, the sampling bottle was

weighed and the mass of the tar containing solvent was determined and recorded.

The sample was put under nitrogen atmosphere and stored in the freezer in order to

prevent post-sampling reactions in the samples. One complete sample run including
the preparation of a new sampling train required approximately one hour for two men

working together.



Chapter 4

Tar Analysis

4.1 Introduction: Tar Characterization and Methods for Tar

Analysis

Tar characterization and consequently, tar analysis is a challenging task due to the

complexity of the mixtures that represent tar. There are several analytical methods

which yield varying types of information about the tar mixtures. The choice of a

method for tar analysis should be made with regard to the use of the data. In the

present work, quantitative data on the compositions of tar is required. These data

should serve as a basis for the development of a model describing the kinetics of tar

conversion. Consequently, it is the required type of prediction by a model that is cru¬

cial for the choice of an analytical method, because the method chosen should yield
the appropriate model base data. In this context, some aspects about the modeling of

reactions of complex mixtures are briefly introduced in the following section.

A more thorough discussion of modeling and the modeling approaches chosen in the

present work is given in Chapter 6.

4.1.1 Modeling Concepts and Consequences for Tar Analysis
There are several possible concepts for modeling reactions of complex mixtures.

Modeling the behavior ofsingle compounds in complex mixtures represents one pos¬

sibility. It requires quantitative analysis of single substances in samples taken in dif¬

ferent reaction conditions. This approach gets very time consuming and costly since

all compounds interacting with the focused compound also have to be analytically
tracked. Otherwise, appropriate simplifying assumptions concerning the reaction

partners of the compound of interest have to be made. In the latter case, the result of

the modeling effort will be a formal kinetic model for the behavior of a single com¬

pound in a complex reaction system.

The lumping approach is often used in order to describe the change in the composi¬
tion of the tar mixture by simplified model mechanisms. Tracking this strategy,

many individual species of a complex reacting mixture are grouped into pseudo spe¬

cies ("lumps"). Thus, a simplified model reaction network for a process such as tar

conversion can be defined. This approach implies the assumption that the real, indi¬

vidual components of a lump all have similar chemical and/or physical properties
and consequently, react in the same manner.



Lumped kinetics have been widely used in petrochemistry since the 1950s (Week-

man, 1979). Developing a model for the conversion of crude oil in catalytic cracking

processes is a task analogue to the description of tar conversion with regard to the

complexity ofthe reaction system. Figure 4-1 shows a three-lump model used for the

description of the catalytic cracking process.

Gas Oil Charge

C5-410°F Gasoline C4's, Dry Gas & Coke

Figure 4-1: Three-lump modelfor the catalytic cracking process in petrochemistry

(Weekman, 1979).

Thus, with the goal of developing a kinetic model based on lumps, one chooses an

analytical method that yields information suitable for lumping according to a specific

physical or chemical property. For example, the boiling point is a lumping criteria

widely used in petrochemistry. Simulated distillation in a gas Chromatograph yields
the true boiling point (TBP) curve of a mixture and consequently, provides appropri¬
ate base data for these type of lumped kinetic models. A model for simulation of an

industrial hydrocracker using this approach was presented by Mertl, 1992.

Thus, the lumping approach allows to formulate models that provide information on

the change of the composition of the complete tar mass during secondary tar reac¬

tions. Therefore, several analytical methods are assessed with respect to lumped ki¬

netic models.
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4.1.2 Analytical Methods Used

For the present work, several methods for the analysis of the liquid tar samples were

used. Table 4-1 provides an overview of these analytical methods and their informa¬

tion content with regard to possible lumped kinetic models.

Det. of evaporation residue Gravimetric tar

Simulated distillation

(GC-SIMDIS)

Gel-permeation chromatog¬

raphy with UV-detection

(GPC/UV)

GPC/UV and chemometric

methods for data evaluation

Gas chromatography/mass

spectrometry (GC/MS)

True boiling point (TBP)
curve

(Molecular size/molecular

weight)

Identification and quantifica¬
tion of individual com¬

pounds

Identification and quantifica¬
tion of individual com¬

pounds

"Tar mass"

Sections of TBP curve:

volatility

Range of molecular

weight

Grouping of ind. species
according to a specific
criteria

Grouping of ind. species
according to a specific
criteria

Table 4-1: Overview: methods usedfor tar analysis in this work.

The procedures for the used analytical methods GPC/UV and GC/MS and the deter¬

mination of the gravimetric tar are discussed in the following sections. The discus¬

sion begins with GPC/UV, whose potential as a multi-purpose analytical method was

extensively studied.

Simulated distillation in a gas Chromatograph (GC/SIMDIS) was also tested for tar

analysis. GC/SIMDIS is routinely applied for the fuel quality control.

However, the analysis results indicated that the method is not suitable for the type of

wet chemical tar samples produced in the present experiments. The boiling point of

the sampling solvent l-methoxy-2-propanol is too high, and consequently, the evap¬

oration of the dominating solvent during the analysis covers the evaporation of the

low-boiling tar compounds. Therefore, the method is not included in the following
discussion.



4.2 Gel-Permeation Chromatography

The analytical method Gel-permeation chromatography (GPC) fractionates the mo¬

lecular constituents of chemical complex mixtures according to their molecular siz¬

es. Therefore, the method is sometimes also refened to as "Size exclusion

chromatography" (SEC). GPC represents a modified high-performance liquid chro¬

matography (HPLC) method, using a special analytical column.

The mode of operation is as follows: a liquid sample is pumped with high pressure

through a column containing a porous gel. Due to mass transport by diffusion, the

small molecules enter the pores ofthe gel. The smaller the molecules, the deeper they
enter into the gel and the longer they rest in the pores. Thus, the compound's reten¬

tion time (also refened to as elution time) in the column is a measure that usually
decreases with increasing molecular dimensions. The fractionated sample leaves the

column and can be analyzed on-line by several types of detectors; UV-absorption or

refractive index (RI) detectors are frequently used.

GPC is commonly employed in the determination of the molecular weight distribu¬

tion (MWD) of homologous series of polymers (e.g. MDW of polyethylene poly¬

mers). Its potential as a fast characterization technique for complex mixtures was

used by several investigators who dealt with biomass tar (e.g. Boroson, 1987,

Johnson and Chum, 1988, Horne and Williams, 1996). The technique exhibits

some advantages over gas chromatographic methods:

non-destructive method, samples are introduced in liquid phase at room tem¬

perature

no evaporation of sample, therefore minimum reactions of compounds in the

sample before their detection; non-volatile substances (e.g. sugars from prima¬

ry pyrolysis) are not excluded

faster and cheaper than GC/MS.

In the research on thermochemical biomass conversion, GPC is mostly used for the

qualitative characterization of tar and pyrolysis oils with respect to the mixtures'

MDW. However, these applications suffer from severe limitations, which will be

discussed below.

4.2.1 GPC/UV-Method Used

The GPC analysis of the tar samples were conducted by the EMPA, section Road

Construction and Sealings. The analytical set-up used for GPC is a Waters 150-C

GPC-system with a column from Polymer Laboratories (pores 50 Â, range 0-2000

MW, length 60 cm). Tetrahydrofuran (THF, Romil high purity, GB) was used as the

eluent solventforthe analysis. The injection volume of the THF-diluted samples was



50 ul. The GPC-system was kept at a constant temperature of 30°C.

Two detectors were tested for tar analysis: an refractive index (Rl)-detector and a

multiwavelength UV-detector. In some preliminary analytical runs, it was shown

that the RI-detector is not appropriate for the measurement of these type of samples
due to the samples' high water contents, which disturbed the signal of the detector.

Therefore, the UV detector was exclusively used for the subsequent analytical runs;

its parameters were the following: UV-range: 210-350 nm, sampling rate: 2 s1, res¬

olution: 1.2 nm.

The spectro-chromatograms (SCG) resulting from an analytical run are 3D-represen-
tations of the tar matrices with the UV-absorbances as function of the retention time

in the gel column and the wavelength of UV-absorption, respectively (Figure 4-2).
Sections of the SCG parallel to the retention time axis at 215 nm UV-absorption are

called (GP-)chromatograms throughout the thesis. As discussed below, these chro¬

matograms enable quick qualitative characterization and comparison of tar samples.
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Figure 4-2: Spectro-chromatogram (SCG) ofa "primary" tar sample generated in

the WPU.



4.2.2 Qualitative Interpretation of Spectro-chromatograms
Ifused for homologous series ofpolymer, GPC/UV analysis provides a fractionation

of the mixture's constituents according to molecular weights. As elucidated in the in¬

troduction of Section 4.2, peaks at the left end ofthe retention time axe in a SCG pro¬

file should indicate the signal of the largest molecules present in a mixture and with

decreasing molecular dimensions, the peaks should shift towards higher retention

times. For the case of polymers, a polystyrene standard is usually used for the sys¬

tem's calibration with regard to the molecular weight. However, it has been shown

that the desired correlation of elution time with molecular weight fails for the analy¬
sis of mixtures that contain chemically very different species. For example, the pres¬

ence of polar and condensed aromatic compounds in a mixture to be analyzed can

make the interpretation of SCG on the basis of molecular weight much more diffi¬

cult. The combination of highly polar solutes with a polar solvent may result in sol¬

ute-solvent interactions (Johnson and Chum, 1988).
Tar samples with a broad range of different compounds had to be expected from the

planned experiments on biomass tar conversion, especially for the case of primary
tar (see Section 2.2.1). Therefore, GPC analysis of a defined set of pure, single com¬

pounds was performed in order to create a library with reference SCG for qualitative
and quantitative evaluation of the tar sample SCG. This library contained the SCG

of 45 selected reference compounds, which are typical tar constituents. The list of

these compounds is given in Appendix A-3.

Using this spectral library, the eluting behavior of typical tar compounds in GPC

analysis was investigated. The resulting chromatograms of seven reference com¬

pounds from GPC analysis, using the equipment described above, are shown in Fig¬
ure 4-3.
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Figure 4-3: GP-chromatograms ofdifferent reference compounds typicallyfound in

tar. The letters at the top ofthefigure refer to the compounds thatproduce the peaks
below them: a: isoeugenol, b: phenol, c: propionic acid, d: acetol, e: diben-

zo[a,h]anthracene, f benzene, g: naphthalene. The numbers at the top ofthe peaks
are the corresponding molecular weights [g/molj.

It is obvious from Figure 4-3 that there are considerable deviations in the appearance

of the peaks from the expected elution order considering the compounds' molecular

sizes and weights. For example, phenol and propionic acid elute much earlier than it

would be expected due to their molecular sizes. On the other hand, benzene, which

has a molecular weight comparable to the latter two compounds, follows the expect¬

ed order. The reason for the deviations in the case of the phenols is the interaction

between the solvent THF and these solutes. THF forms hydrogen bonds with the

phenols producing a complex molecule exhibiting greater apparent molecular size

and, consequently, lower retention volumes than would be expected (Philip and

Anthony, 1984).
The depicted polyaromatic hydrocarbons dibenzo[a,h] anthracene and naphthalene
also deviate from the expected elution order. The same findings were made for naph¬
thalenes by Johnson and Chum, 1988 and for the PAH compounds anthracene,



benzo[a]pyrene and coronene by Philip and Anthony, 1984. Besides the con¬

densed structure ofPAH, which results in relatively small molecules for their weight,

solute-gel interactions may appear. Philip and Anthony attributed the behavior of

PAH compounds in GPC analysis to interactions of these highly aromatic com¬

pounds with the phenyl groups of the polymer chains of the gels.
Due to these findings, a simple calibration using one (polystyrene) standard is not ap¬

propriate for characterization of the tar samples with regard to their MDW. Conse¬

quently, GPC does not readily provide information for a future kinetic model based

on lumps according to the molecular weight. However, the technique enables quick
characterization of tar samples, if typical ranges of retention times for some com¬

pound classes are known. Therefore, the compounds of the SCG library were

grouped in such classes and their GPC peaks' appearance relative to the retention

time axe of the chromatogram was analyzed. Table 4-2 gives the results from this

procedure. It provides the elution time ranges where compounds of a specific com¬

pound class appear mainly, but not exclusively. Additional appearing representatives
of other classes are also given.

Especially the PAH peaks can be attributed to a relatively clear range of elution

times. In the case of the "phenols", there are many other compound classes in the in¬

dicated time window, thus, the general term "oxygenates" may be more appropriate
here. Further information on the samples can be extracted by using chemometric

methods. A brief introduction to an appropriate method from this field is given in the

following section.

Phenols (Oxygenates) 17.0-18.5 Acids, furans,

ketones, misc. Ox.

Ketones 18.0-19.0 Acids

Furans 19.0-19.5

Benzenoid aromatics (PAH, monoaromat. 19.5-22.0 Ketones

hydrocarbons)

Table 4-2: Tar compound classes and their GPC elution times.



4.2.3 Factor Analysis: a Method for Evaluation of GPC Spectral Data

Chemometrics provide methods for interpreting large analytical data sets from com¬

plicated mixtures, like GPC/UV analysis data ofbiomass tar samples. This relatively

young science combines powerful numerical and statistical methods for the solution

of (analytical) problems in chemistry. A definition of the term is given by Wise and

Gallagher, 1998: Chemometrics is the science ofrelating measurements made on

a chemical system to the state ofthe system via application ofmathematical or sta¬

tistical methods and ofdesigning optimal experimentsfor investigating systems. It

should be noted that here, "chemical systems" include both those under observation

in the laboratory and chemical processes.

Factor analysis is a powerful technique from the field of chemometrics. Besides

many other applications, it allows the interpretation of spectral data from chromato¬

graphic methods like GPC/UV. In the following, a short introduction to the method

is given for this application. The method is presented according to the work by Ma-

linowski, 1991, who provides a comprehensive introduction to factor analysis.

I actor Analysis; General Procedures

The information content of a spectro-chromatogram (SCG) from GPC/UV analysis
can be described by matrix A, involving the UV-absorbances in function of the elu¬

tion time and of the wavelength.
The first procedure in factor analysis is the mathematical decomposition of data ma¬

trix/4 into two purely abstract matrices:

A = W M
^* rr

abstract"1 abstract (4.1)

By doing this, the data are modeled as a linear sum of product terms according to

A
ik 1 wumjk (4.2)

where the elements w and mk of the matrices defined in eq. 4.1 are called/ac/ors.
Since this solution is purely mathematical and is devoid ofphysical meaning, the ma¬

trices in 4.1 are called abstract matrices. The number of terms in the sum in eq. 4.2,

n, is the number offactors.
The procedure for calculating the abstract solution according to eq. 4.1 involves the

mathematical method eigenanalysis, yielding eigenvalues and associated eigenvec¬

tors.



A commonly used algorithm for conducting eigenanalysis is the singular value de¬

composition (SVD). In SVD notation, the calculation ofthe abstract solution accord¬

ing to eq. 4.1 has the form

= U S VT
wxs sxs sxm

(4.3)

where S is a diagonal matrix whose non-zero entries are the square roots of the ei¬

genvalues. U and V are orthogonal matrices that contain the abstract eigenvectors.
Each pair of eigenvectors given by U and V, is associated with an eigenvalue whose

magnitude is a measure for the importance of the abstract factors to describe the ini¬

tial data set A. Having performed the SVD, the number ofrealfactors has to be de¬

termined. The SVD provides s abstract factors (s: dimensionality of matrix S), that

can be divided into two sets: a primary set of n factors, which account for the real,

measurable features of the data, and a secondary set of s - n factors, called the null

set, which are associated entirely with experimental enor. For the present applica¬

tion, the determination of n is tantamount to finding the number of absorbing com¬

ponents in the mixture. Empirical, theoretical, and statistical methods for

determining the number of real factors are discussed by Malinowski, 1991.

The second objective offactor analysis is the mathematical transformation of the ab¬

stract factors into physically significant, real factors, by means of an appropriate
transformation matrix T:

A {Wabstract^} T ]M
abstract

W M
transformed transformed

(4.4)

Finding the appropriate transformation represents the most challenging step in factor

analysis.
If the absorbance data obey Beer's law, the factors to be found can be interpreted

chemically. For GPC/UV analysis, it is assumed that Beer's law is valid because

there is a separation of the mixture's constituents, which means that there is hardly
interaction ofthe molecules with respect to their individual UV absorptivities. More¬

over, the tar samples are strongly diluted for analysis, which prevents nonlinear UV-

absorption due to very high concentrations of the compounds present in the mixture.

For a sample containing n absorbing components, Beer's law models each absor¬

bance datum by the equation

A
ik 1 e c , (4.5)



where e is the molar absorptivity per unit path length of component/ at wavelength

i, and cjk is the molar concentration of componentj at elution time k. Thus, eq. 4.5

involves a linear sum of products analogous to eq. 4.2. Consequently, if a conect

transformation matrix T according to eq. 4.4 can be found, the data set can be de¬

scribed according to

EC (4.6)

which yields the molar absorptivity matrix E and the molar concentration matrix C

as the desired, physically significant parameter.

For the transformation of the abstract into recognizable parameters, two distinctly
different approaches are employed:

target factor analysis (TFA), involving target testing

special methods, involving known chemical constraints.

Targetfactor analysis (TFA) allows the testing of potential factors individually. If

applied to the GPC/UV analysis, the presence of suspected absorbing components

can be individually verified without the knowledge of the other components. The

method was applied to the UV spectra of unresolved liquid chromatographic frac¬

tions from three-component mixtures by McCue and Malinowski, 1983. In the

present work, some preliminary tests with TFA were conducted.

Among the various methods in the category special methods, a technique called rank

annihilation factor analysis (RAFA) is of special interest for the present work.

Rank Annihilation Factor Analysis (RAFA)
Rank Annihilation Factor Analysis (RAFA) is a factor-based method that makes the

quantification of individual compounds from a mixture's SCG possible, if the SCG

of the pure compound of interest is available. It is the main advantage ofRAFA over

other multivariate analytical methods for spectral data in that it allows quantification
of an individual substance in a mixture without the knowledge of identities or quan¬

tities of other components present. Since tar samples are expected to be very com¬

plex mixtures involving thousands of components, RAFA is the only method

suitable for quantitative evaluation of conesponding SCG. Thus, the created library
with the reference compounds' SCG can also be used for RAFA.

The method is based on the assumption that the occunence of an analyte in the mix¬

ture increases the chemical rank of the data matrix by one. The concept of rank in

this method differs from the numerical definition of the term. Here, rank describes

the number of analytes present in the mixture in such an amount that their net ana-



lytical signal is above the detection limit. In the absence of noise, the numerical and

chemical rank are equal (Grung and Kvalheim, 1994). Other requirements for

RAFA are the bilinearity of the analyzed data that can be expressed as

where

C

S:

CS Iv (4.7)

]
= '

matrix containing the chromatographic profiles
matrix containing the spectra,

and the additive property of signals from the different analytes:

A = ßjAj ß2A2 ßn*n- (4.8)

Thus, the measured absorption matrix/4 of chemical rank n is written as a linear sum

of matrices and the constant ß; represents the ratio of the concentration of analytey
in the mixture relative to the standard. Thus, quantification of a substance in a mix¬

ture is tantamount to determining ß;. The ingenuity of the RAFA method is the ob¬

servation that when the value ß; is found, the matrixM defined as

M ßjAJ (4.9)

is of chemical rank« - 1. A} represents the responses of the single reference compo¬

nent to be quantified. Lorber, 1985 showed that ß; can be calculated directly ac¬

cording to

1
- Y apbP

ßj ~ S,
J

1 = 1

(4.10)

where

aj
= ljTc3 (4.11)
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and

VTs, (4.12)

with V and U, being the n first columns of the V and U matrices that stem from a

singular value decomposition ofA (see eq. 4.3). Sj is fhe/A singularvalue ofA. Thus,

the method requires an estimation ofthe chemical rank n, or the number of absorbing

components, of data matrix A.

However, there are a few limitations of the RAFA method, if applied to measured

GPC/UV data. The method is most seriously restricted in its usability by retention

time shifts that appear during the chromatographic analysis. During the GPC/UV

analysis of the reference compounds chosen for this work, retention time shifts of up

to three seconds were ascertained (total elution time for a sample: 25 min). Hence, a

retention time shift correction is necessary. Grung and Kvalheim, 1994 presented
a method for this task, using Bessel's inequality.
The used GPC solvent THF itself absorbs UV at wavelengths < 220 nm, which is an¬

other analytical effect that disturbs the estimation of compounds' concentrations by
means of RAFA. Thus, the reference SCG must be conected by subtraction of the

pure THF spectrum, which is not an easy task and therefore may be an additional

source of enor. There is a possible modification of the RAFA method suggested by

Lorber, 1985 that allows the use of reference spectra with chemical rank greater

than one, i.e. reference SCG which are not conected with regard to the THF absorp¬
tion. However, in practical use, the RAFA method with the corrected spectra was

shown to be more accurate in the estimation of concentrations. The accuracy reached

by RAFA is discussed in the following section.

4.2.4 Assessment of the Rank Annihilation Factor Analysis Method for

Quantitative Tar Analysis
In order to investigate the usability of RAFA for the GPC/UV data from biomass tar

samples, several model tar mixtures were produced and analyzed by GPC/UV. Sub¬

sequently, the produced SCG data was quantitatively evaluated by means of a RAFA

code implemented in MATLAB according to Lorber, 1985, using the reference

SCG library. The result of this procedure for one mixture is shown in Table 4-3. The

analysis results are given for two different versions ofthe RAFA method implement¬
ed in MATLAB. The first version represents the "pure" RAFA method using the

THF-conected SCG, the second version includes the RAFA method combined with

an algorithm for retention time shift conection based on Bessel's inequality accord¬

ing to Grung and Kvalheim, 1994. Moreover, the SCG's absorbances at wave¬

lengths < 233 nm were omitted for the second version in order to prevent enors due



to remaining THF absorption. This measure additionally improves the estimation's

accuracy by RAFA, as was found in several test runs. At the bottom of Table 4-3, the

mean relative deviations of the RAFA results from the true concentrations and the

standard deviations from the relative deviations are given.

Anthracene 2.9 3.0 3.2

Benzo [b] fiuoranthene 1.0 0.2 0.31

Phenol 71.1 128.9 90.0

Benzene 152 -1339 229.0

Toluene 58.7 427.0 146.8

Furfural 24.8 21.0 25.5

Acetol 77.6 100.9 94.8

Acetic acid 294.0 173.1 540.4

Naphthalene 16.9 10.3 14.2

Aeenaphthylene 13.5 10.3 16.7

Fiuoranthene 5.4 6.5 5.7

Phenanthrene 6.9 9.2 7.1

Mean relative deviation•[%] 164.5 38.5

Standard deviation of 303.3 43.8

relative deviations

Table 4-3: Resultsfrom the estimation ofsingle compound concentrations in a

model tar mixture by means ofRAFA. RAFA version 1: RAFA implemented

according to LORBER, 1985, RAFA version 2: version 1, including the retention time

shift correction algorithm according to Grungand Kvalheim, 1994

It is obvious from Table 4-3 that RAFA in the first version produces only one result

with a good accuracy, which is for the compound anthracene, the estimation of the

concentration of furfural is, at best, fair. This version of RAFA completely fails for

the estimation of the concentration of benzene by producing a meaningless negative
result. The calculated standard deviation indicates the high inegularity of the esit-

mates' deviations from the true values by using RAFA version 1.



The second version of RAFA produces significantly better results, which is obvious

by comparing the mean relative deviation calculated for both versions. The relative

deviations also show a significantly reduced variation compared to the results pro¬

duced by the first version. However, there are still estimations which exhibit an un¬

acceptable high enor, such as for the compounds toluene and acetic acid.

It has been shown that the accuracy of RAFA inversion 2 also becomes insufficient

for more complex mixtures. A reason for these findings is the similarity of the SCG

of substances from certain compound classes, such as the spectra from some PAH

compounds. For example, the important tar compounds napthalene and 1-methyl-

naphthalene produce very similarUV absorbance spectra and elute practically simul¬

taneously during GPC analysis. Therefore, an automatic retention time shift

conection such as the algorithm used here may shift the 1-methylnaphthalene spec¬

trum towards the elution time of naphthalene, which is the dominant PAH in many

tar samples. The use of a liquid chromatographic column that exhibits a higher sep¬

aration efficiency for compounds would be the appropriate remedy for this problem.

Probably, several columns would have to be used for the analysis of biomass tar.

However, the development of such a new analytical method would be beyond the

scope of this work.

Therefore, the quantitative analysis of single tar compounds was conducted by
means of conventional gas chromatography coupled with mass spectrometry (GC/

MS).

4.3 Gas Chromatography/Mass Spectrometry

Gas chromatography coupled with mass spectrometry detection (GC/MS) is a well-

established analytical method for identification and quantification of single com¬

pounds. With regard to the application for tar compounds, GC/MS is mostly used for

the analysis of benzenoid aromatic compounds. This may be the result of working
definitions for "tar" that emphasize the importance of the share of aromatics in tar

samples from gasifier systems, such as in the definition given in Milne et al., 1998.

However, primary tar mainly contains oxygenated compounds with various struc¬

tures, both aromatic and aliphatic, such as the classes furans, ketones, aldehydes etc.

The quantitative analysis of these oxygenated primary tar compounds by means of

GC/MS is rarely reported in the literature. Some studies on the characterization of

fast pyrolysis oils contain conesponding analysis, as for example reported by Horne

and Williams, 1996.
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Since the present study deals with tar samples from different conversion degrees,

quantitative important oxygenated compounds and methods for their analysis by GC/

MS had to be found in preliminary studies.

4.3.1 Primary Tar Compounds
The identification and quantification of oxygenated, primary tar compounds was

conducted by a laboratory specialized in food and beverage analysis (Labor Veritas,

Zurich). In order to get a first overview, a "primary" tar sample from a mode A2 run

of the lab reactor system was analyzed with regard to quantitative important com¬

pounds. The device and parameters used for this preliminary analysis are summa¬

rized in Table 4-4.

The chromatogram of the preliminary analysis is given in Figure 4-4. The y-axis of

the plot represents the total ion cunent (TIC). The identified compounds are labeled

on the top of their peaks. The identification of the compounds was achieved by
means of a library containing the mass spectra. GC/MS analysis of the single, pure

substances provided reference chromatograms for some compounds. This procedure

gave the additional information of the characteristic retention time for identification.

Estimations about the relative compounds' quantities on the basis of these prelimi¬

nary GC/MS analysis provided the criteria for the selection of a set of compounds to

be quantified in further tar samples. This set includes the compounds listed in Table

4-5. It should be noted that there are some compounds (e.g. phenol, cresols) that will

also appear in the list containing analyzed secondary and tertiary tar compounds in

Section 4.3.2. Thus, some tar compounds cannot be unambiguously assigned to one

of the tar compound classes according to Evans and Milne, 1997. This demon¬

strates the evolutionary development and the somewhat arbitrary boundaries for the

three tar classes (Milne et al., 1998). The boiling point data refer to a pressure of

one atmosphere and was composed from the web-based ChemFinder (Cambridge

Soft, WWW).
The method for the quantitative analysis ofthese compounds is summarized in Table

4-6. The compounds were quantified using calibration curves, which were produced

by analysis of the pure substances by GC/MS.



Gas Chromatograph model

GC column

Injection method

Temperature program

Carrier gas

Mass spectrometer model

Ionization energy

Source temperature

Mass range

Carlo-ErbaMega5163

J&DB Wax, 30m x 0.32 mm, film thickness 0.5 urn

1.2 ul on-column (dilution 1:10)

40 °C (1 min), 7 °C / min up to 230 °C

Helium (25 kPa)

Kratos MS25 RF

70 eV

250 °C

m/z 40^00, 1 s/decade

Table 4-4: GC/MS analytical set up andparametersfor preliminary analysis of

oxygenated "primary" tar compounds.
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Acetic acid c2h4o2 60

Propionic acid C3H602 74

Acetol (l-hydroxy-2-propanone) c3h6o2 74

Butyric acid CA^ 88

Phenol C6H60 94

Furfural (2-furaldehyde) C5H402 96

Furfuryl alcohol C5H602 98

o-Cresol C7H80 108

p-Cresol C7H80 108

m-Cresol C7H80 108

2,3-Dimethylphenol C8H10O 122

2,4-Dimethylphenol c8HioO 122

2,5-Dimethylphenol C8H10O 122

2,6-Dimethylphenol C8H10O 122

3,4-Dimethylphenol C8H10O 122

3,5-Dimethylphenol CgHioO 122

5-Methylfurfural C6H602 110

Guaiacol C7H802 124

4-Methylguaiacol CgHio02 138

Table 4-5: Primary tar compounds chosenfor quantitative analysis

samples by GC/MS.

118 64-19-7

141 79-09-4

146 116-09-6

164 107-92-6

182 108-95-2

162 98-01-1

170 98-00-0

191 95-48-7

202 108-39-4

202 106-44-5

217 526-75-0

211 105-67-9

211 95-87-4

201 576-26-1

227 95-65-8

222 108-68-9

187 620-02-0

205 90-05-1

221 93-51-6

ysis ofth(? tar



Gas Chromatograph model

GC column

Injection method

Temperature program

Carrier gas

Mass spectrometer model

Trap temperature

Mass range

Varian 300

J&DB Wax, 30m x 0.32 mm, film thickness 0.5 urn

1.0 ul split (dilution 1:10)

40 °C (1 min), 7 °C / min up to 230 °C

Hydrogen (lOpsi)

Finnigan MAT ITD 800

220 °C

Mass specific detection

Table 4-6: GC/MS analytical set up andparametersfor quantification ofprimary
tar compounds in tar samples.

4.3.2 Secondary and Tertiary Tar Compounds
The secondary and tertiary tar compounds were analyzed by GC/MS by the Labora¬

tory for Energy and Materials Cycles of the Paul Scherrer Institute (PSI), Switzer¬

land. The GC/MS method and analytical program developed by de Sousa, 2001 was

applied. This analytical program was created in order to track the compositions of tar

in producer gases from fluidized-bed reactors. It contains the quantitative analysis of

41 compounds (Table 4-8). All these compounds are benzenoid aromatics and can

be assigned to the secondary and tertiary tar compound classes according to Milne

et al., 1998. The list contains some species that are also measured in the analytical

program for the primary tar compounds described in the previous section.

The GC/MS method used for the quantitative analysis of secondary and tertiary tar

compounds is summarized in Table 4-7. A detailed description of the analytical pro¬

cedure is given by de Sousa, 2001.
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Gas Chromatograph model

GC column

Injection method

Temperature program

Carrier gas

Mass spectrometer model

MS operation mode

HP6890 Series Gas Chromatograph with auto sampler
and liquid injector

optima 8 -3 capillary column, 60 x 0.25 mm, film thick¬

ness 0.25 urn

Split mode inlet with 2 split ratios:

1:9 (low cone.) and 1:90 (high cone.)

40 °C (start temp.), 10 °C/min up to 340 °C, hold temp,
for 5 min

Helium, const, flow of 3 ml/min

HP5973

Select ion monitoring (SIM)

Table 4-7: GC/MS analytical set up andparametersfor quantification ofsecondary
and tertiary tar compounds in tar samples according to DE SOUSA, 2001.

Benzene

Toluene

Ethylbenzene

p-Xylene

m-Xylene

o-Xylene

Styrene

3-Ethyltoluene

CöHö

C7H8

C8HlO

CgHio

CgHio

C8HlO

CgH8

C9Hl2

78

92

106

106

106

106

104

120

ÖU /1-^3-Z

111 108-88-3

136 100-41-4

138 106-42-3

139 108-38-3

145 95-47-6

145 100-42-5

161 620-14-4

Table 4-8: econdary and tertiary tar compoundsfor quantitative analysis ofthe tar

samples by GC/MS.



4-Ethyltoluene cgHi2 120 162 622-96-8

2-Ethyltoluene C9H12 120 165 611-14-3

Phenol C6H60 94 182 108-95-2

cx-Methylstyrene C9H10 118 166 98-83-9

2-Methylstyrene C9H10 118 611-15-4

3-Methylstyrene C9H10 118 172 100-80-1

4-Methylstyrene C9H10 118 173 622-97-9

2,3-Benzofuran C8H60 118 174 271-89-6

o-Cresol C7H80 108 191 95-48-7

Indene C9H8 116 183 95-13-6

p-Cresol C7H80 108 202 106-44-5

m-Cresol C7H80 108 202 95-48-7

Naphthalene CioH8 128 218 91-20-3

2-Methylnaphthalene ciiH10 142 241 91-57-6

1 -Methymaphthalene CnH10 142 245 90-12-0

Biphenyl C12H10 154 256 92-52-4

Acenaphthalene C12H8 152 280 208-96-8

Acenaphthene C12H10 154 279 83-32-9

Dibenzofuran C12H80 168 287 132-64-9

Fluorene C13H10 166 294 86-73-7

Phenanthrene C14H10 178 340 85-01-8

Anthracene C14H10 178 340 20-12-7

Fiuoranthene CiôHio 202 386 206-44-0

Pyrene cieHio 202 394 129-00-0

Table 4-8: econdary and tertiary tar compoundsfor quantitative analysis ofthe tar

samples by GC/MS.
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Benz[a]anthracene cisHi2 228 438 56-55-3

Chrysene C18^12 228 448 218-01-9

Benz[e]aeephenanthrylene C20H12 252 357 205-99-2

Benzo [k] fiuoranthene C2oHi2 252 480 207-08-9

Benzo[a]pyrene C20H12 252 495 50-32-8

Perylene C20H12 252 497 198-55-0

Dibenzo[a,h]anthracene ^22^14 278 524 53-70-3

Indeno[ 1,2,3-cd]pyrene C22H14 276 536 193-39-5

Benzo[g,h,i]perylene C22H12 276 542 191-24-2

Table 4-8: econdary and tertiary tar compoundsfor quantitative analysis ofthe tar

samples by GC/MS.

4.4 Gravimetric Tar

The gravimetric tar is determined by evaporating the sampling solvent of the liquid
tar samples and subsequent weighing of the sample residue. However, the resulting
values depend very much on the evaporating procedure. Therefore, the mentioned

guideline for tar sampling and measurement by Neeft et al., 2001 will also contain

instructions for a standardized determination of the gravimetric tar.

In the present work, the solvent was evaporated at a temperature of 65°C, using a

vacuum of 100 mbar. The reference evaporation temperature is approximately
120°C. The detailed procedure is described in Appendix A-4.

The gravimetric tar represents a lump which contains a large number of single tar

compounds. However, it is not equal to the total "tar mass", which was sampled from

the pyrolysis gas flow. The lower boiling compounds that are present in the liquid tar

sample that will disappear during the evaporation procedure for the determination of

the gravimetric tar. The quantities ofvarious tar compounds in the liquid tar samples
were compared to the corresponding values in the evaporation residues, i.e. in the

gravimetric tar. It was shown that even substances with boiling temperatures dis¬

tinctly higher than 120°C (solvent evaporation temperature) are partially evaporated

during the determination of the gravimetric tar. For example, 66 m-% of the naph-
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thalene (BP at 0.981 bar: 218°C) found in a liquid tar sample was lost during the

evaporation procedure. Consequently, important tar compounds with low boiling

points like many oxygenates in "primary" tar, or the BTX compounds (benzene, tol¬

uenes, xylenes) are missing in the gravimetric tar lump.



Chapter 5

Experimental Results and Discussion

5.1 Homogeneous Tar Conversion Experiments

The data from the experiments on homogeneous tar conversion without the external

supply of oxygen are presented in the following sections. The results are discussed

in relation to proposed mechanisms on tar compound interactions reported in the lit¬

erature.

Since the experimental data were intended for studying the kinetics of secondary tar

reactions, the focus ofthe investigations was on experiments with short gas residence

times in the conversion reactor, i.e. mode A2 runs. Therefore, most of the data given
below refer to this operation mode. The data stemming from mode Al runs (long gas

residence times in the HOTCR) will be labeled separately.
The enor analysis for the experimental data is given in Appendix A-5.

5.1.1 Reaction Conditions

Temperatures
The measured temperature profiles, as shown in Figure 5-1, are used for the kinetic

modeling of secondary tar reactions based on the experimental data.

The temperature measured in the axial and radial center of the HOTCR was defined

as the reference temperature TR for a steady-state investigation. In the following sec¬

tions, the experimental data are depicted in function of TR.
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Figure 5-1: Temperature profiles and corresponding reference temperatures in the

HOTCRfor three steady-states during homogeneous tar conversion experiments.

Volumetric Flow Rate of Pyrolysis (Has

As mentioned earlier, the volumetric flow rate of the pyrolysis gas was calculated on

the basis of a nitrogen mass balance (Figure 5-2).
The calculation was performed under the following assumptions:

the pyrolysis gas analyzed on-line is completely dry (no tar and water in the

gas)
the number of moles of N2 does not change during the reactions

the shares of other gases than CO, C02, CH4, H2, and N2 in the dry total gas

volume are negligible

Thus, the possible formation of gaseous C2 compounds (acetylene, ethene, ethane)
at higher temperatures is not considered. Based on data from another study on homo¬

geneous tar conversion, the maximum sum of the yields of these C2-species is esti¬

mated to be approximately 6 m-% at the highest reactor severity used in the present

experiments (Boroson, 1987). Hence, by neglecting the C2-species, the maximum

enor in the determination of the gas flow rate at TR = 990°C was calculated to be

4.5% (calculated as C2H4).
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Figure 5-2: Volumetric flow rate ofpyrolysis gas downstream of the HOTCR in

function ofthe reference temperature TR. The solid lines are best-fitpolynomials.

Due to the large nitrogen content of the gas ( > 85 vol-% in the dry gas), the increase

of the total gas volume due to secondary tar reactions is only approximately 7% at

the highest temperatures used in the experiments.

The space time, obtained by dividing the reactor volume by the volumetric flow rate

entering the reactor, is approximately 0.4 s for the homogeneous tar conversion ex¬

periments in the HOTCR. However, due to the non-isothermal conditions in the

HOTCR, this measure has only a limited meaning.

Using the effective reaction volume (Froment and Bischoff, 1979), the space time

for isothermal HOTCR conditions was calculated. The effective reaction volume is

defined as the reactor volume necessary to reach the same conversion of the pyroly¬
sis gas constituents at a constant reference temperature as under the non-ideal iso¬

thermal conditions with the axial temperature Tx. The procedure of calculation is

shown by Jess, 1996 (b).
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Neglecting the relatively small dependence of concentrations on the temperature, the

effective reaction volume for a first-order reaction is given by

V

té](—- —
RATr rE

eff
dV (5.1)

Thus, the "isothermal space time" is dependent on the temperature profile (Tx) and

the activation energy EA of the reaction investigated. The isothermal space time for

the experiments in the HOTCR was found to be < 0.2 s for all homogeneous reac¬

tions.

For the mode Al experiments, the (non-isothermal) space time was approximately
7 s. The temperature profiles were not determined in this operation mode.

5.1.2 Non-condensable Gas Species
The yields of the non-condensable gas species carbon monoxide, carbon dioxide,

methane, and hydrogen during the homogeneous tar conversion experiments at dif¬

ferent reactor temperatures (i.e. at different reference temperatures TR) is shown in

Figure 5-3.

The yields of CO, CH4, and H2 remain relatively stable in the temperature range of

450-680°C. Then, the yields of CO and CH4 increase almost linearly with increasing
conversion temperature, whereas the hydrogen exhibits an exponential increase in its

yield. The yield of carbon dioxide does not show significant changes during the

whole temperature range investigated. The scattering of the values for C02 is attrib¬

uted to insufficient resolution of the gas analyzer used.

Carbon monoxide is the most important gaseous product from homogeneous tar con¬

version. Its yield doubles in the temperature range of 680-1000°C. The quantitative

importance of CO as major secondary product from homogeneous tar conversion is

confirmed by the work by Boroson, 1987. The author therefore suggests that the

CO yield can be used as an indication of the extent of cracking reactions during sec¬

ondary tar conversion. However, the present results suggest that the hydrogen is even

a better indicator for secondary tar reactions. H2 is present in minor concentrations

only in the pyrolysis gas at temperatures up to 700°C (approximately 0.06 m-% of

fuel feed under the reaction conditions used). At higher temperatures, the hydrogen's
evolution curve shows the steepest rise of all gases measured. At TR = 990°C, the

hydrogen yield is 7.4 times higher than in the "primary" pyrolysis gas. Moreover, the

hydrogen plays an important role for the formation and conversion of tertiary tar

components, as will be elucidated in a following section.
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Interpreting the experimental data of the non-condensable gases, it should be kept in

mind that the measured concentrations of the non-condensable gas species may not

exclusively be the result of tar conversion reactions, i.e. cracking reactions which re¬

sult in gas formation. Pure gaseous products from tar cracking may undergo gas-

phase reactions themselves. For example, the methane content is controlled by the

methanation reaction (see main gasification reaction schemes in Section 2.1.2).

400 500 600 700 800

TR[°C]

900 1000

Figure 5-3: Yields of CO, C02, CH4, and H2 during homogeneous tar conversion.

Theyields are based on the input woodfeed in the WPU (1.6 kg wood/h, wood mois¬

ture: 13 m-% ofdryfuel).

5.1.3 Water

The behavior of the water during the experiments is shown in Figure 5-4. The water

yield in the "primary" pyrolysis gas is slightly higher than the moisture content of

the fuel wood chips (see Section 3.1.4). Hence, some water is formed during pyroly¬
sis. This formation continues up to a temperature of 600°C, which can be explained

by separation of conesponding functional groups from tar compounds. The subse¬

quent decrease of the water yield with increasing conversion temperature may be at¬

tributed to gasification reactions, like the homogeneous water-gas shift reaction.

However, this reaction is thought to occur as a result of heterogeneous catalysis by
carbon surfaces at temperatures below approximately 1100°C (Graboski, 1981).
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Other gasification reactions, like the carbon-steam reaction, require solid carbon as

the reacting agent. Soot, formed by homogeneous secondary tar reactions, could pro¬

vide the solid carbon for this reaction. However, as will be discussed later, the soot

formation is believed to start only at higher temperatures than 600°C. Thus, there are

probably various interacting reactions that cause the water depletion during homo¬

geneous tar conversion.

>-

1000

Figure 5-4: Water yield during homogeneous tar conversion. The yield is based on

the input woodfeed in the WPU (1.6 kg wood/h, wood moisture: 13 m-% ofdryfuel).

5.1.4 Gravimetric Tar

The gravimetric tar yield decreases with increasing conversion temperature (Figure

5-5). The values obtained exhibit some scattering, which is attributed to the analyti¬
cal procedure (see Section 4.4: analytical procedure and Appendix A-5: enor analy¬
sis of experimental results).
The data point for the gravimetric tar at 590°C seems to be an outlier. An increase in

the gravimetric tar with increasing conversion temperature is unlikely, unless there

is a dramatic change in composition of the tar, which causes a different behavior of

the tar sample during the determination of the gravimetric tar. However, this change
in composition is not probable at these relatively low temperatures.

Based on a "primary" gravimetric tar yield of 29 m-% (mean of the values deter¬

mined downstream the WPU), the highest experimental conversion reached by ho¬

mogeneous reactions at TR = 990°C and at an isothermal space time of approxi¬

mately 0.12 sis 88%.
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Figure 5-5: Gravimetric tar yield during homogeneous tar conversion. The yield is

based on the input woodfeed in the WPU (1.6 kg wood/h, wood moisture: 13 m-%

ofdryfuel).

As elucidated in Section 4.4, the gravimetric tar is not equal to the total tar mass sam¬

pled, because there are evaporation losses of lower boiling tar compounds during the

analytical procedure for determination of the gravimetric tar.

The "total" tar mass was estimated using the determined evaporation losses of the

quantitatively analyzed single tar compounds. Figure 5-6 shows both the gravimetric
and the estimated "total" tar.

It is obvious that the difference between the two tar yields decreases with increasing
conversion temperature. The reason for these findings is the changing composition
of the tar. The remaining tar at high conversion temperatures consists of compounds
that exhibit higher boiling points than those in the less converted tar. Thus, the losses

of tar substance during the determination of the gravimetric tar decrease with in¬

creasing conversion temperatures.
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Estimated total tar

Gravimetric tar
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Figure 5-6: Yields ofgravimetric and estimated total tar during homogeneous tar

conversion. The yields are based on the input woodfeed in the WPU (1.6 kg wood/

h, wood moisture: 13 m-% ofdryfuel).

5.1.5 Mass Balance

The mass balances of reactive pyrolysis gas constituents between the HOTCR in-

and outlet at several temperature steady-states were determined. They revealed that

above TR = 780°C, there is a steadily increasing difference in the sum of identified

pyrolysis gas constituents between the flow up and downstream of the reactor with

increasing temperatures, which indicates the formation of a quantitatively significant

product from homogeneous tar conversion. Based on the following considerations,

these findings were attributed to sootformation:

During the experiments involving the HOTCR, the presence of considerable

amounts of soot was visually observed, either as very fine particle deposits at fixtures

in the reactor system tubes or as sparks in the gas flare flame when the reactor system

was flushed with nitrogen for cleaning. Moreover, visual inspection of the tar sam¬

ples from mode Al experiments at high reactor temperatures revealed that these

samples exhibit a considerable content of soot particles.
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Soot formation is also reported in the literature on thermochemical biomass conver¬

sion. During their experiments on characterization of homogeneous tar conversion

products, Evans and Milne, 1987(a), observed the growth ofPAH, which eventu¬

ally resulted in soot formation. Jess, 1996 (A) and (B) showed that soot is formed

by the precursor naphthalene, which is a quantitatively important tar compound in

the converted, tertiary tar.

For these reasons, the difference in the mass balance is taken as an estimation for the

extent of soot formation during the present experiments (Figure 5-7).
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Figure 5-7: Estimatedyield ofsoot during homogeneous tar conversion. The yield
is based on the input wood feed in the WPU (1.6 kg wood/h, wood moisture:

13 m-% ofdryfuel).

Thus, around 2/3 of the "primary" tar seems to be converted into soot at the highest

temperature investigated. Again, it must be mentioned that in the mass balance, the

formation of volatiles, C2-compounds for example, is neglected. Hence, the soot

yield at temperatures around 1000°C might be overestimated, by about 6 m-% (see
section 5.1.2). Moreover, it should be noted that the estimated values for "soot" rep¬

resent net yields. Since the pyrolysis gas contains water, gasification of the soot by
means of the oxidant steam should be considered. Therefore, the extent of soot de¬

pletion by steam gasification at 1000°C was estimated using the gasification rate de¬

termined by Jess, 1996. However, the results indicated that the steam gasification
reaction of soot under the experimental conditions of mode A2 is negligible.
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Only slight soot formation during homogeneous biomass tar conversion experiments
is reported by Boroson, 1987. The author concludes that higher concentrations of

tar are necessary for the bimolecular char (soot) formation than found in his experi¬
ments.

The mass balance for the "primary" and the converted pyrolysis gas (up and down¬

stream of the HOTCR at TR = 988°C) is given in Table 5-1. The remaining 40 m-%

are attributed to the char produced in the WPU.

12.8 21.7

32.0 5.4

14.8 13.0

0 19.5

59.6 59.6

Total non-condensable gases

Total tar

Water

Soot (adjusted)

Total products

Table 5-1: Mass Balance ofreacting pyrolysis gas constituents between in- and

outlet ofHOTCR at TR = 988°C

5.1.6 Interpretation of Gel Permeation Chromatograms from Tar Samples
The GP-chromatograms from mode Al and A2 experiments were used for qualita¬
tive interpretation of the compositions of the tar samples from various HOTCR

steady-states. The characteristic ranges of elution times of tar compounds from a cer¬

tain compounds class (see Section 4.2.2) are indicated by the different shaded areas

in the following figures.
The GP-chromatograms from the mode A1 experiments are given in Figure 5-8. The

indicated temperatures are the reference temperatures TR. The first plot (TR = 410°C)

represents the GPC analysis of a "primary" tar sample. It is obvious that the oxygen¬

ates are dominating in the "primary" tar. From elution time 13 to 17 minutes, a large
amount of compounds with unknown identity are eluting. First, it was assumed that

sugars like D(+)-Glucose or 1,6-Anhydro-ß-D-glucopyranose (Levoglucosan) elute

in this time range. However, GPC analysis ofthe pure reference compounds revealed

that these sugars exhibit only negligible UV-absorbances. Hence, there is a consid¬

erable amount ofunknown tar compounds in the "primary" tar, which probably con¬

sists of oxygenates, too. These unknown substances disappear already at relatively
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low temperatures. On the other hand, the "phenolic range" remains relatively stable

up to 687°C. Then, a drastic decrease of this compound class from 786-885°C is as¬

certained. In contrast to this, the furans show a steady decrease over the whole tem¬

perature range investigated. The aromatics exhibit no clear trend at first, then at

786°C, a dramatic increase of aromatic peaks is observed. The main peak at around

21 minutes is attributed to PAH compounds. Eventually, the last sample almost ex¬

clusively consists ofPAH, with some minor quantities of phenolics or other oxygen¬

ated species. There is a slight decrease in the main PAH peak from 885°C to 976°C,

which could be caused by PAH growth and subsequent soot formation. This assump¬

tion is confirmed by the previously mentioned observations concerning the presence

of soot during the experiments (see section above). In particular, the sample taken at

TR = 976°C exhibited a striking dark shade caused by soot particles.

Figure 5-9 shows the GP-chromatograms from tar samples stemming from modeA2

experiments. The chromatogram of the "primary" tar sample (TR = 443 °C) is quali¬

tatively identical to the corresponding chromatogram from the mode Al experi¬
ments. The comparison of the maximum UV absorbance peaks of the two "primary"
tar samples (between elution time 17 and 18 minutes) gives an estimate on the rela¬

tive tar concentrations in the pyrolysis gas. Hence, the concentration of "primary" tar

from mode A2 is about half the concentration found for the "primary" tar from mode

Al. This is an expected result since twice the carrier gas flow rate set in mode Al

was used in A2, which causes the higher dilution of the tar in the gas.

The effect of the lower residence times of the tar in the mode A2 experiments is ob¬

vious by comparing the sequence of GP-chromatograms from both operation modes

of the lab reactor. Figure 5-9 exhibit smoother transitions in the subsequent chroma¬

tograms than the conesponding series from mode Al. At similar reference tempera¬

tures, the conversion is more progressed in the series from Al. For example, the

extent of tar conversion reached at 786°C in the mode Al series is comparable to the

conversion found at 988°C only from the mode A2 experiments, as can be gathered
from comparison of the two GP chromatograms.
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Figure 5-8: Series ofGP-chromatograms oftar samplesfrom mode Al experiments

(homogeneous tar conversion with long gas residence times). The UV-absorbance

signal was normalized on a pyrolysis gas volume basis. The shaded areas indicate

elution time ranges where mainly a) phenols, b) ketones, c) furans and d) benzenoid

aromatics (PAH, monoaromatic HC) appear.
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Figure 5-9: Series ofGP-chromatograms oftar samplesfrom modeA2 experiments

(homogeneous tar conversion with short gas residence times). The UV-absorbance

signal was normalized on a pyrolysis gas volume basis. The shaded areas indicate

elution time ranges where mainly a) phenols, b) ketones, c) furans and d) benzenoid

aromatics (PAH, monoaromatic HC) appear.
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5.1.7 Single Tar Compounds

Typical representatives of each primary, secondary, and tertiary tar compounds (see
Section 4.3.1 and 4.3.2) were quantitatively analyzed by GC/MS. From this data ma¬

terial on total 53 single components, the thermal behaviors of important representa¬

tives of each tar class are presented in the following. The complete data set resulting
from the mode A2 experiments is given in Appendix A-6. The GC/MS results pre¬

sented here stem from an experimental series at which the sampling of the "primary"
tar from the WPU caused some difficulties. Consequently, the conesponding values

for some "primary" tar components included several obvious outliers. For that rea¬

son, the data presented in this section stem exclusively from tar sampled downstream

of the HOTCR.

Primary Far Compounds
The class of the primary tar is characterized by oxygenated compounds that give the

primary tar its high reactivity. The thermal behavior of selected compounds from this

class during homogeneous secondary tar reactions is shown in Figure 5-10. The

quantitatively most important of all of the analyzed compounds is the primary tar

constituent acetol (l-hydroxy-2-propanone). As mentioned earlier, alkali material

like potassium or sodium inhibits the formation of levoglucosan, which is the domi¬

nant product of primary pyrolysis of pure cellulose, and favors the formation of car-

bonyl compounds like acetol (Evans and Milne, 1987(a)).
Its share in the estimated "total" tar yield is approximately 16 m-% in the primary tar

and keeps relatively stable between 12 to 18 m-% in the temperature range from 500-

830°C. In the homogeneous tar conversion experiments, acetol reaches a maximum

conversion of approximately 97% at the highest reference temperature (TR = 990°C).
Acetic acid is another primary tar component that is present in rather large quantities.
Its yield shows a slower decrease with increasing temperature than in the case of ace¬

tol; only 58% of its initial amount is converted at the highest temperature investigat¬
ed.

Guaiacols are typical products from the primary pyrolysis of lignin. The yield of

guaiacol in function of the conversion temperature TR exhibits a steep decrease with

increasing temperature. According to Egsgaard and Larsen 2001, guaiacol is the

important precursor in the formation of aromatic aldehydes. The authors suppose

that these formed oxo-compounds are important for the formation of the higher-mo¬
lecular tar fractions, i.e. for the PAH formation.
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Figure 5-10: Yields ofthe primary tar compounds acetol, acetic acid and guaiacol

during homogeneous secondary tar reactions. The yields are based on the input

woodfeed in the WPU (1.6 kg wood/h, wood moisture: 13 m-% ofdryfuel).
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Secondary Far Compounds
Phenolic compounds and other monoaromatic hydrocarbons are typical representa¬

tives of the secondary tar compound class.

Phenolics are important tar constituents for several reasons. They are important pre¬

cursors for the formation of PAH compounds (Egsgaard and Larsen, 2001, also

see literature review in Chapter 2). In particular, the parent phenol was identified as

a unique precursor for the formation of naphthalene.
Phenolics belong to the problematic producer gas impurities in the application of

biomass gasification. First, they are suspected to cause conosion in IC engines

(Hasler et al., 1997) and secondly, they appear in large quantities in the waste wa¬

ter from biomass gasifier systems and therefore, make a costly waste water treatment

indispensable (Morf et al., 1998).
The experimental data on the yields of phenol exhibit no clear trend (Figure 5-11).
On the other hand, the conesponding experimental values for the cresols more clear¬

ly show the expected behavior of secondary tar components: a slight increase with

temperatures up to around 830°C, followed by a decrease with further increasing

temperatures.

The present results indicate that the problematic phenols are not eliminated by ho¬

mogeneous secondary tar reactions. Even in the experiments with the long gas resi¬

dence times in the HOTCR (mode Al runs), some minor amounts of phenols
survived the thermal treatment, as shown in the previous section.

Among the analyzed secondary tar constituents, the compounds 2-ethyltoluene (see

Figure 5-11), 3-ethyltoluene, the xylenes, and the methylstyrenes exhibited the typ¬

ical behavior for this class, i.e. the behavior of an intermediate product from second¬

ary tar reactions.

'tertiary Far Compounds
The dominant compound types in the tertiary tar class are aromatics, which include

the polyaromatic hydrocarbons (PAH). In the present study, 17 PAH up to six-ring
PAH compounds were quantitatively determined. All these compounds show a very

similar qualitative behavior during the homogeneous tar conversion experiments.
The PAH are present in negligible amounts in the tar up to a reference temperatures

of approximately 750-800°C. Then, a dramatic increase in their yields with increas¬

ing reactor temperatures is observed. Naphthalene is the quantitatively most impor¬
tant analyzed PAH tar compound (Figure 5-12).
The qualitative behavior of the PAH compounds during the homogeneous tar con¬

version experiments was found to be similar to that ascertained for the hydrogen.
These experimental findings are self-evident since the formation and growth ofPAH

is accompanied by hydrogen abstraction.
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However, the water-gas steam and the heterogeneous carbon-steam reaction (e.g.

gasification of soot) should also be considered as hydrogen sources.

Various theories on the formation of PAH are given in the literature. For example,
Frenklach and Wang, 1994 presented a model for PAH growth and subsequent
soot formation. The growth of aromatics to higher molecular compounds is ex¬

plained by a mechanism consisting of two reaction pathways (schemes according to

Frenklach and Wang, 1994):

a) Direct combination of intact aromatic rings, e.g. the combination of two ben¬

zene rings leads to biphenyl, which reacts further into PAH compounds:

b) H2-abstraction-C2H2-addition (HACA) sequence. Aromatic rings grow by H-

abstraction, which activates the aromatic molecules, and by acetylene addition,

which propagates molecular growth by cyclisation:

+ CtHt
c^

+ CtHt

c^

+ C9H9

Pathway (a) is important for the initial stages of pyrolysis of aromatic fuels. Accord¬

ing to the authors, the precursor for PAH formation, benzene, is decomposed form¬

ing acetylene, as the reaction progresses. As the acetylene concentration approaches
that of benzene, the PAH growth switches to path (b).
As mentioned above, Egsgaard and Larsen, 2001 suggested an alternative mech¬

anism ofPAH formation. This starts from phenol as precursor and proceeds via a Di-

els-Alder reaction and separation of hydrogen to low molecular mass PAH such as

naphthalene and indenes.
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Figure 5-11: Yields ofthe secondary tar compoundsphenol, o-cresol and 2-ethyltol-
uene during homogeneous secondary tar reactions. The yields are based on the input

woodfeed in the WPU (1.6 kg wood/h, wood moisture: 13 m-% ofdryfuel).
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Figure 5-12: Yields ofthe tertiary tar compounds naphthalene and benzofajpyrene

during homogeneous secondary tar reactions. The yields are based on the input

woodfeed in the WPU (1.6 kg wood/h, wood moisture: 13 m-% ofdryfuel).
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With increasing PAH content, the toxic potential of the tar increases considerably

(Elliott, 1988). PAH compounds like benzo[a]pyrene are known as highly cance-

rogeneous substances. The thermal behavior of benzo[a]pyrene is shown in Figure
5-12.

Identified Far Mass

The share of quantitatively analyzed compounds in the "total" tar mass as a function

of the conversion temperature TR is shown in Figure 5-13. Only about 20% of the

estimated tar mass could be identified by means of GC/MS in the samples from the

homogeneous tar conversion experiments with reference temperatures up to 800°C,

although more than 50 individual compounds were quantitatively analyzed by means

of GC/MS. As elucidated in Chapter 4, the tar compounds to be quantified were se¬

lected based on preliminary GC/MS analyses, i.e. all compounds that produced ma¬

jor peaks in the GC chromatograms were included in the analytical program. Hence,

it must be assumed that, up to medium temperatures of 700-800°C, the tar mass con¬

sists of a large number of substances in very small concentrations.

The visual inspection of GC chromatograms from "primary" and "tertiary" tar sam¬

ples from mode Al experiments revealed that the number of tar compounds drasti¬

cally decreases with increasing extent of conversion. Moreover, it was shown by
GPC analysis that the tar becomes more aromatic with increasing conversion tem¬

peratures. Since the list of quantified single compounds contains 2/3 aromatics, the

share of identified tar mass rises to roughly 40%.

400 500 600 700 800 900 1000

Tr [°C]

Figure 5-13: Share ofthe sum ofanalyzed tar compounds in the estimated "total'

tar mass.
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5.2 Heterogeneous Tar Conversion Experiments

The performance of the experiments on heterogeneous tar conversion (mode B runs)
turned out to be delicate. The wood char column inserted in the HETCR caused two

main problems during the mode B experiments. First, the shrinking char solids and

the formed soot particles tended to block the reactor outlet (see also Section 3.1.5).

Therefore, several experimental runs had to be prematurely aborted after two or three

tar sampling runs.

The other problem was inherent in the mode B reactor configuration. At reactor tem¬

peratures above approximately 800°C, the starting gasification reactions between the

solid char and the pyrolysis gas constituents caused transient process conditions that

were difficult to control and record.

Despite these experimental hurdles, one set of heterogeneous tar conversion data

could be produced by the mode B runs. However, as will be shown below, the result¬

ing experimental data could not always be assigned to clearly defined reaction con¬

ditions. Therefore, the analysis of products from heterogeneous tar conversion was

reduced in comparison to the mode A experiments. For example, the gravimetric tar

was not determined. Consequently, the data are used to point out the qualitative
trends of heterogeneous tar conversion.

5.2.1 Reaction Conditions

The temperatures in the HETCR were measured by two fixed thermocouples. One

was placed at the reactor entrance, about 40 mm deep in the char fixed bed (Thetl),
and the other one was fixed in the axial and radial center of the tubular reactor. The

measurements by the latter provided the reference temperature values TR in the mode

B experiments.
For the range of reference temperatures of 700-960°C determined in the mode B ex¬

periments, the conesponding temperatures at the reactor entrance, Thetl, ranged from

480-550°C. Hence, the mode B experiments were also conducted under non-isother¬

mal reactor conditions.

Volumetrie Flow Rate of Pyrolysis Cas

For the mode B runs, the pyrolysis gas flow was split upstream ofthe HETCR. Thus,

only a part of the pyrolysis gas produced in the WPU was used for the experiments.
The pyrolysis gas was drawn through the HETCR by means of a pump. Due to this

experimental configuration, only the gas flow rate downstream of the HETCR could

be controlled and measured. Besides the unknown split ratio of the gas flows enter¬

ing and bypassing the HETCR, the gasification reactions in the reactor result in an
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increasing gas volume, for which reasons the flow rate into the HETCR could only
be estimated. By comparing the N2 concentrations in the dry gas, an increase in the

gas volume of approximately 30% at the highest temperature used (TR = 962°C) was

determined.

Consequently, ike yields ofproducts from heterogeneous tar conversion could not be

determined from the conesponding concentrations measured in the gas. Therefore,

the experimental results are given as concentrations in the dry pyrolysis gas in the

following sections.

Before the start of the experiments, a char column of 450 mm length was inserted

into the reaction tube of the HETCR. It was planned to monitor the depletion of char

by gasification reactions by an on-line measurement ofthe pressure drop between the

reactor entrance and outlet during a mode B experiment. Empirical correlations of

pressure drop and height of packed beds from the literature would have enabled to

determine the char depletion by gasification during the experiments.

However, strong fluctuations in the gas flow rate caused by blockage of the reactor

outlet prevented from using this procedure. Consequently, the char depletion rate as

a function of time could not be determined during the mode B experiments.
After an experimental run with five tar samplings in total, the inserted char column

was found to be reduced to a length of approximately 50 mm.

.Space "lime

Due to the mentioned uncertainties concerning the determination of gas flow rates

and the char depletion, the space time could be estimated only. A space time < 0.4 s

was determined for all temperature levels used for the HETCR, assuming a com¬

pletely unreacted char fixed bed. Thus, at least for the lower temperatures, when gas¬

ification of the char did not yet occur, the space time was of the same magnitude as

found for the homogeneous experiments.

5.2.2 Non-condensable Gas Species
For the heterogeneous tar conversion experiments, the behavior of the non-condens¬

able gases at temperatures above 800°C was expected to be governed by gasification
reactions between the pyrolysis gas constituents and the solid char. Figure 5-14

shows the concentrations measured during the mode B experiments. The high con¬

centration found for hydrogen at the highest reference temperature appears to con¬

firm these expectations.
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Figure 5-14: Volumetric concentrations of CO, C02, CH4 and H2 in the pyrolysis

gas during heterogeneous tar conversion. The concentrations are based on the dry

gas volume.

With a concentration of about 10 vol-% at TR = 960°C, the hydrogen content of the

gas is about 2.5 times as high as measured in the homogenous tar conversion exper¬

iments at comparable reference temperatures. The volume ratios of the gases CO,

C02, and H2 conespond to the typical values found for applied cocunent fixed-bed

gasifier systems. In these systems, the gases reach chemical equilibrium concentra¬

tions (see Section 2.1.4). Only the methane content measured in the mode B experi¬
ments is found to be too high for chemical equilibrium.

5.2.3 Water

The behavior of the water content during the heterogeneous tar conversion experi¬
ments also is a clear indicator for the occunence of char-steam reactions. Whereas

the water concentration in the pyrolysis gas dropped to 15 vol-% at the highest tem¬

perature investigated in the homogeneous experiments, the maximum decrease ofthe

water content in the mode B experiments was significantly higher, as can be seen in

Figure 5-15. Hence, water is consumed due to the gasification reactions.
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Figure 5-15: Volumetric water concentration in the pyrolysis gas during heteroge¬
neous tar conversion. The concentration is based on the dry gas volume.

5.2.4 Interpretation of Gel-Permeation Chromatograms from Tar Samples
The sequence of GP-chromatograms from tar samples from mode B experiments is

shown in Figure 5-16. It should be noted that the first chromatogram in Figure 5-16

stems from the analysis of a "primary" tar sample produced in the WPU. Hence, in

contrast to the following tar samples represented by GP-chromatograms, this "pri¬

mary" tar did not have contact with the char surfaces in the HETCR.

The catalytic effect of the char surfaces present in the homogeneous tar conversion

experiments is obvious from the comparison of the GP-chromatogram sequences

from mode A2 and mode B experiments (see Figure 5-9 and 5-16). The chromato¬

gram from mode B at TR = 697°C indicates a far higher extent of tar conversion than

the chromatogram from mode A2 at TR = 686°C, which represents a tar sample from

a comparable temperature (and space time), but from homogeneous reaction condi¬

tions (Figure 5-17). At these temperatures, the gasification reactions are not yet

dominating the reaction regime in the HETCR. Thus, the inserted char fixed bed is

still intact. For this reason the comparison of the two GP-chromatograms actually
show the net effect of the presence of char surfaces in the mode B results.

Compared to the homogeneous case, the primary tar compounds disappear much

more quickly. Already at TR = 697°C, the tar sample appears to nearly contain sec¬

ondary and tertiary compounds, exclusively.
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For example, there is a peak at elution time of 18 minutes that increases from TR =

697-777°C and decreases again. It is attributed to phenol, which as a secondary tar

compound, exhibits the typical behavior of an intermediate of secondary tar reac¬

tions.

On the other hand, the presence of the char does not seem to influence the change of

the tar's composition completely, when compared to the homogeneous case. This

impression is given by the visual comparison of GP-chromatograms from mode A

and B experiments: the transitions in the GP-chromatograms in the sequence of

mode A2 appears to be continued by the chromatograms from mode B at TR = 844-

962°C. The last two GP-chromatograms from mode Al (TR = 885-976°C in Figure

5-8) fit in the end of this sequence. Thus, these findings indicate that the char accel¬

erates the conversion of the tar in the pyrolysis gas, rather than changing the conver¬

sion pathways.
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x10

Elution Time [mini

Figure 5-16: Series ofGP-chromatograms oftar samplesfrom mode B experiments

(heterogeneous tar conversion). The UV-absorbance signal was normalized on apy¬

rolysis gas volume basis. The shaded areas indicate elution time ranges where main¬

ly a) phenols, b) ketones, c) furans and d) benzenoid aromatics (PAH, monoaromatic

HC) appear.

lili



LO

CM

-i—'

ro

<

o

ro
.a

<

>
3

12

10

x10M

Tar Sample
from HETCR

at TR = 697°C

/.

ITar Sample
from HOTCR

atTR = 686°C | I /
' I I

/ 1

/

8 10 12 14 16 18 20 22 24 26 28

Elution Time [mm]
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andfrom the HOTCR at TR = 686°C, respectively.

5.2.5 Single Tar Compounds
Based on the qualitative analysis of the GP-chromatograms in the previous section,

it was concluded that secondary and tertiary tar compounds are dominating the sam¬

ples of tar that had contact with char surfaces. Because of the apparent accelerating
effect of the char surfaces on tar conversion, the primary tar compounds seem to be

depleted faster than in the homogeneous case. For that reason, the quantitative GC/

MS analysis of the mode B samples was conducted with the focus on secondary and

tertiary tar compounds. The results of conesponding analysis of three important sec¬

ondary and tertiary tar compounds is depicted in Figure 5-18.

Because of reasons elucidated before, the measured values are given as concentra¬

tions of the conesponding compounds in the dry pyrolysis gas. Each diagram con¬

tains results from both heterogeneous and homogeneous tar conversion experiments
in order to enable comparisons of the behavior of the selected compounds for both

cases.
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The most drastic effect of the presence of the char for tar conversion can be ascer¬

tained for the phenol, whose concentration drops to values near zero in the heteroge¬
neous case. Interpreting these results given as gas concentrations, it should be kept
in mind that in the mode B experiments, the dilution of the single tar compounds at

temperatures above 800°C is higher than in the homogeneous case because of the

considerably increasing gas volume due to gasification of the char.

In order to ascertain the effect of dilution for these results, the measured concentra¬

tions were mathematically converted into concentrations at constant gas volumes up

and downstream of the HETCR by assuming a maximum increase of the gas volume

of 30% at the highest temperature investigated. The calculations showed that the ma¬

jor trends remain the same as those indicated by the originally measured values de¬

picted in Figure 5-18.

The comparison of the behavior of phenol, 2-methylnaphthalene, and naphthalene

during the mode B experiments with the conesponding values for the homogeneous
case reveals that at temperatures near 700°C, both conversion modes result in the

same concentrations ofthe selected compounds. With increasing temperatures, there

is a faster increase and subsequent decrease in the mode B concentrations of the sec¬

ondary tar compounds (phenol, 2-methylnaphthalene) compared to the homoge¬
neous case. Thus, the typical behavior of secondary tar during thermal treatment is

more pronounced in the heterogeneous case.

The tertiary tar compound naphthalene is also formed earlier, i.e. at lower tempera¬

tures in the mode B experiments than in the homogeneous case. The asymptotic be¬

havior of the naphthalene concentration at HETCR conversion temperatures of

1000°C could either be the result of dilution in the increasing total gas volume or

could be assigned to naphthalene conversion into cracking products and soot.

It seems that the thermal behavior of all three tar compounds observed in the homo¬

geneous case is shifted towards lower temperatures by the presence of the char sur¬

faces in the heterogeneous experiments. Consequently, these findings are in

agreement with the findings from the qualitative analysis of the GP-chromatograms,
i.e. the char accelerates the tar conversion, but the main reaction pathways appear to

be the same as those in the homogeneous case.
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Chapter 6

Modeling of Tar Conversion

As was concluded from the literature reviews in this and previous works, models for

the description of tar conversion during thermochemical biomass conversion are es¬

sential for the design of new gasification reactors with regard to the optimization of

the producer gas quality and for diagnosis of existing gasifiers. The desired model

contains a reaction scheme and a set of (formal) kinetic expressions in order to de¬

scribe the tar conversion with regard to the amount and composition of the tar.

In the two previous chapters, the complexity of the organic compound mixtures that

represent "tar" was documented. Because ofthis complexity, complete, mechanistic,

molecular-based models for secondary tar reaction are not feasible. Therefore, the

modeler's challenge is the development of strongly simplified kinetics that still yield
useful information concerning the reacting tar. Some conesponding modeling con¬

cepts have been presented in this work in the context of the evaluation of appropriate
methods for tar analysis (see Chapter 4).
Besides formal kinetics for single compounds and lumped kinetics, there are other

concepts for the description of complex reaction systems that received considerable

interest and effort, particularly from the petroleum processing industry. The contin¬

uous mixture approach treats molecules as a continuum, whose concentration, prop¬

erties, and change due to reactions are characterized by a continuous function of a

measured variable such as the boiling point or the carbon number (Gavalas and

Aris, 1966). Structure oriented lumping is an approach for modeling of complex
mixtures in petroleum refining, in which single reacting molecules are described by
means of a set of certain structural features or groups which are organized in vectors

(QUANN AND JAFFE, 1996).
The latter two modeling concepts both require a large experimental data basis and/

or are developed especially for petrochemical processes, where mainly hydrocarbons
and no oxygenated compounds are present, in contrast to conversion processes of

biomass tar. Therefore, the present work concentrates on the first two modeling con¬

cepts - formal kinetics of single compounds and lumping.
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6.1 Modeling Approach

6.1.1 Modeling Concept for Tar Conversion

Using the available data from the present experiments, the kinetics ofhomogeneous

secondary tar reactions without external supply ofoxidants are studied in the follow¬

ing. There is strong experimental evidence that, compared to the homogeneous tar

reactions, the presence of wood char surfaces does not change the main conversion

mechanisms but exhibits an accelerating effect on tar conversion. For that reason, a

homogeneous tar conversion model is a useful tool for the prediction ofthe minimum

tar conversion for given reactor specifications.
The lumping approach was chosen to model the conversion of the gravimetric tar

which is a quantity describing the overall "tar mass". A tar conversion model includ¬

ing a reaction network of a small number of lumps, analogous to the lump models

used in petrochemistry, is not feasible because ofthe insufficient identification ofthe

tar mass by means on the available analytical tools. However, the change in the tar

composition can be tracked by means of indicator compounds, i.e. compounds that

are quantitatively important representatives for a whole class of tar compounds. Us¬

ing this strategy, acetol was chosen as the representative for oxygenated compounds
that constitute the primary tar. On the other hand, naphthalene was selected as the

indicator compound for the formation of tertiary PAH. As was shown in the previous

chapter, all other PAH compounds exhibit behaviors very similar to that of naphtha¬
lene. In contrast to the tertiary tar compounds, the secondary tar constituents did not

show a uniform thermal behavior. The complicated interactions of these compounds
need further experimental investigation in order to provide a basis for their kinetic

modeling.
The mathematical method for the determination offormal kinetic expressions for the

gravimetric tar and for the indicator compounds acetol and naphthalene is described

in the following section.

6.1.2 Mathematical Approach
General

For the mathematical analysis ofthe experimental data, the following simplifying as¬

sumptions concerning the gas flow through the tubular HOTCR were made:

perfect plug-flow behavior of the gas phase
the increase of the gas volume due to chemical reactions is negligible.
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For a plug flow reactor in steady-state operation, the mole balance equation becomes

(see Fogler, 1999 for derivation):

dF1
dV

(6.1)

where

F,:
dV:

molar flow rate of species i in gas phase
differential volume element in the reactor

reaction rate for species i.

The reaction rate r is an intensive measure that is dependent on the temperature and

the (molar) concentration of the reacting species. Thus, the reaction rate, or rate law,

is an algebraic equation of the form

k f(composition) (6.2)

where the temperature-dependent term k - refened to as the reaction rate constant,

despite the fact that it is not a constant at non-isothermal conditions - is usually de¬

scribed by the Anhenius law:

k0e
~RT

(6.3)

Besides the reaction pathway scheme, the rate law, including the parameters that de¬

fine the reaction rate constant (i.e. frequency factor k0 and activation energy EA) con¬

stitute the searched kinetic model. The kinetic models defined below represent

formal kinetic approaches, i.e. they have the form of chemical kinetics but they do

not describe the chemistry of tar conversion on a molecular scale.

Determination of Formal Kinetics

for the C oim/rsion oj the Gravimetric lar andAcetol

For the description of the depletion of the lump "gravimetric tar" and the indicator

compound acetol due to secondary tar reactions, a single reaction of the type

A -^Products (6.4)
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and first-order rate laws
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k,C, (6.5)

were assumed. Since the mean molecular weight of the lump "gravimetric tar" is

hard to determine, concentrations, expressed as mass per volume, are more conve¬

nient than molar concentrations. Thus, coupling the molar balance equation for plug
flow behavior (eq. 6.1) with the first-order rate law (6.5) and multiplying both sides

of the equation by the molecular weight of the species or lump considered leads to

dm

dV
-k,C, (6.6)

which is the mass balance for species /' in the plug flow reactor, with /"s mass con¬

centration CÎ. Multiplying eq. 6.6 by the tubular reactor's cross sectional area and

dividing by the temperature-dependent volumetric flow rate of the pyrolysis gas

through the HOTCR results in the expression

v(T)
dC\
dx

-kIC\. (6.7)

Thus, an expression for the temperature-dependent gas velocity in terms of known

variables is needed for the solution of this differential equation. Under assumption
of ideal gas behavior, the total molar concentration of the pyrolysis gas at any point
in the reactor is

C7
F
J_

V

JL
RT

(6.8)

At the entrance to the reactor,

C

F,

TO

TO

V.

o

Po

RT
(6.9)

o

Taking the ratio of eq. 6.9 to eq. 6.11 and reananging the terms leads to

'Fr,
v=v,

\FT0) p \T0J
(6.10)
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With the assumption of negligible changes of the molar flow rate and of pressure in

the reactor and subsequent division by the reactor's cross sectional area, an expres¬

sion for the temperature-dependent gas velocity is derived according to

v(T)
v0T(x)

Tn
(6.11)

The combination of eq. 6.7 with eq. 6.11 and introduction of the reaction rate con¬

stant according to eq. 6.3 leads to the following ordinary differential equation

(ODE):

vQT(x)dC'1
T
0

dx
-k

eRT(x)C

K0,ie ^i (6.12)

The kinetic parameters k0l and EAl were determined by regression analysis using the

conesponding experimental data. This task was accomplished by means of a MAT¬

LAB computerprogram which had been designed for the regression of all three mod¬

els (including the naphthalene formation kinetics described in the following section).
It includes a nonlinear least squares regression code based on the method by Mar-

quardt (implemented according to Constantinides and Mostoufi, 1999), com¬

bined with a subcode for the numerical solution of the system of ODE by using the

second-order Runge-Kutta method. In order to describe the function T(x), the deter¬

mined temperature profiles were used (see Section 5.1.1). For this purpose, the mea¬

sured values of temperature were fitted by a third-order polynomial in order to get a

continuous function for the numerical integration.

Determination of Formal Kineticsfor the Formation of A'apthalene
The formation of naphthalene during homogeneous tar conversion was modeled as a

series of consecutive reactions. It was assumed that the "primary" tar entering the

HOTCR is converted into an intermediate that itself is converted into the tertiary tar

compound naphthalene. The pseudo-specie "intermediate" could stand for second¬

ary tar compounds like phenol which is a precursor for the formation of PAH, ac¬

cording to the mechanism proposed by Egsgaard and Larsen, 2001. As reported

by Jess, 1996 (B), naphthalene is converted into soot and soot-precursors at suffi¬

ciently high temperatures. Consequently, an additional reaction step is included in

order to account for the conesponding reaction(s).
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Thus, the resulting reaction scheme is given as

VJV, "W,

primary tar —> intermediate —> naphtalene —> 500/ (6.13)

The two first reactions in series were assumed to be first-order. For the last reaction

step, the rate for hydrogen-inhibited soot formation determined by Jess, 1996 (B)

was used:

2 „-0.7

rS
~

S
'

naphthalene
'

c^j (6.14)

where

rs: rate of soot formation from naphthalene [mol/(m3-s)]
C,: concentration of naphthalene and hydrogen, respectively [mol/m3]

and ks, determined by Jess as

ks = 7-10
14 m

0.9
360

RT

,0.3
mol s

(6.15)

Mass flow rates and concentrations are used in order to define the material balances.

Thus, based on the mass balance for a plug flow reactor in steady-state operation, the

suggested reaction scheme 6.13 leads to the following system of coupled ODE. Since

the used kinetics for soot formation (eq. 6.14 and 6.15) are given in molar units, a

conesponding conversion of the mass concentration and subsequent reconversion of

the rate with the molecular weight of naphthalene (MWn) must be made:

v(x)
dC

dx

dC\,

primary tar
-k C
N

j primary tar

v(x\
intermediate

=
,

^ -k C
*• '(fx N

j primary tar N2 intermediate

dC
,.,-„\ naphthalene

=
, r, _

,

dx N2 intermediate rs

dC\ 2^,-0.7-,

HX)dx
= MWn^S^naphthalen/MWn) C^ ]

(6.16)

(6.17)

(6.18)

(6.19)
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As already mentioned, the regression analysis code described in the previous section

was also used in order to fit the kinetic model for naphthalene formation, given by

eq. 6.16-6.19, to the conesponding data.

6.2 Results of Modeling

6.2.1 Determined Parameters

In the models presented before, the kinetic parameters k0l and EAl are highly cone¬

lated for the homogeneous tar conversion data. Therefore, the frequency factors were

fixed to reasonable values and the activation energies were the only fitting parame¬
ters.

A statistical analysis of the experimental data and the regression results was per¬

formed by using a conesponding MATLAB program provided by Constantinides

and Mostoufi, 1999. The evaluation of the model that best fits the data was accom¬

plished by comparing the standard deviations of the fitted parameters and the sums

of squares. From the latter, the standard error ofthe estimate (SEE) or the combined

residual variance was calculated as

SEE

\ 7 A exp.i model,i'

DF
(6.20)

where

^
ex

c
model, i

DF:

experimentally determined concentration of species i

concentration predicted by model

degrees of freedom.

The resulting kinetic parameters from the regression analysis of the data for all mod¬

els are given in Table 6-1. For the case of the naphthalene formation model, the re¬

action rate for the last reaction step (soot formation, see eq. 6.14 and 6.15) was taken

from the work by Jess, 1996 (B). Therefore, it is not listed below.
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Conversion of gravimetric tar kgt 4.0-104 76.6 7.8 [g/m3]

Conversion of acetol K 5.0-105 99.9 0.6 [g/m3]

Formation of naphthalene ^Nl 1.0-104 136.0 14.8 [mg/m3

kN2 1.1-107 100.0 14.8 [mg/m3^

Table 6-1: Kinetic modelparameters determined by regression analysis.

6.2.2 Discussion of Modeling Results

Gravimetric "lar

The experimental values for the homogeneous conversion of the gravimetric tar and

the conesponding results from the model are shown in Figure 6-1 (the experimental
data outlier at TR = 590°C was not used for the regression analysis).

Obviously, in the temperature range up to approximately 600°C, secondary tar reac¬

tions occur to a minor extent only, which is in agreement with the experimental find¬

ings concerning the evolution of non-condensable gases.
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° Experimental data

— Model
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TR [°C]

Figure 6-1: Experimental gravimetric tar conversion data for homogeneous sec¬

ondary tar reactions compared with the values calculated by means ofthe single re¬

action model described in the text. The concentrations indicated at the y-axis refer
to the total gas volumes at the corresponding reactor outlet temperatures.

The determined kinetic parameters are comparable to those from previous studies on

homogeneous tar conversion, although different experimental set-ups were used for

generating the conesponding experimental data (Table 6-2 and Figure 6-2).

Surprisingly, the kinetic parameters fromfluidized-bed reactors presented by Liden,

1988 and Kosstrin, 1980 (whose kinetics parameters given in Table 6-2 were math¬

ematically converted and then presented by Liden, 1988) result in reaction rate con¬

stants that are closer to the one determined in the present work than the rate constant

by Boroson, 1987 who also conducted his experiments under complete separation
of pyrolysis and subsequent homogeneous secondary tar reactions, as in the present

work (see Figure 6-2). However, Boroson used a batch pyrolysis reactor, also see

comments on this experimental set-up in Section 2.2.4.
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It should be noted that different approaches for the reaction rates with respect to the

concentration or mass dependent term were used for the determination of the param¬

eters in Table 6-2. Boroson, 1987 modeled the tar conversion rate as first order in

the difference between the ultimate yield of tar and the total amount oftar unconvert¬

ed at that time. Using this approach, the ultimate yield is another fitting parameter.

Kosstrin, 1980,

parameters modified

by Liden, 1988

Boroson, 1987

Liden, 1988

present study

fluidized-bed reactor for

pyrolysis and tar conversion

batch pyrolysis (fixed bed),
continuous tar conversion

reactor

fluidized-bed reactor for

pyrolysis and tar conversion

continuous pyrolysis (mov¬
ing fixed bed) and continu¬

ous tar conversion

3.26-104

9.55-104

4.28-106

4.00-104

72.8

93.4

107.5

76.6

Table 6-2: Comparison ofkinetic parametersfor the homogeneous conversion of

(gravimetric) tarfrom different studies.

As can be seen from Table 6-2, the determined kinetic parameters are very low. The

reason for these findings is the assumption of a single-reaction first-order kinetic

model for a reaction network that is far more complicated in reality (Serio, 1987).
Jüntgen and Van Heek, 1970 showed theoretically that modeling complex reac¬

tion systems consisting of many parallel first-order reactions by a single reaction re¬

sults in both lower activation energies and lower frequency factors than in any of the

reaction in the set. In order to shift the regression results towards chemically more

reasonable kinetic parameters, the distributed activation energy model (DAEM, see

Section 2.2.3) was also used by Boroson to fit his experimental data. However, since

tar conversion includes multiple, parallel and series reactions, the use of a reaction

network based on lumps would provide an even more realistic model concerning ho¬

mogeneous tar conversion mechanisms.
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Liden 1988

Boroson 1987

Kosstnn 19801

present work
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Figure 6-2: Arrhenius plot ofthe kinetic parametersfor homogeneous tar conver¬

sion modelsfrom different sources, ^reaction rate converted by LlDEN, 1988.
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The kinetic model defined for the homogeneous conversion of acetol fits the exper¬

imental data very well (Figure 6-3). The determined kinetic parameters for the con¬

version of acetol (ko: 5.0T05 s"1, EA 99.9 kJ/mol) are comparable with those found

for the thermal decomposition ofthe chemically similar acetic acid methyl ester (me¬

thyl acetate, k0: 2.0T06 s"1, EA 144 ± 6.5 kJ/mol), which were experimentally deter¬

mined for the temperature range of 743-834K by Blake and Shraydeh, 1982. On

the other hand, the kinetic parameters for the vapor-phase cracking ofthe chemically
similar acetone to ketene and methane, given by Jeffreys, 1964, are distinctively

higher (k0: 8.2-1014 s"1, EA 284.5 kJ/mol).

/Naphthalene
A good fit of the experimental data describing the formation of naphthalene during

homogeneous secondary tar reactions was also achieved by the model approach se¬

lected (Figure 6-4).

According to the naphthalene-to-soot conversion rate given by Jess, 1996 (B), there

is no significant conversion of naphthalene into soot at the highest reaction temper¬

atures investigated. Hence, the last reaction step in the model proposed (eq. 6.13) can

be omitted for the description of naphthalene formation at the reaction conditions in¬

vestigated. However, as soot is already produced in considerable quantities at these
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temperatures, there must be either other soot formation pathways which do not in¬

clude naphthalene, or naphthalene conversion into soot actually occurs, but at a rate

different from the one given by Jess under the present experimental reaction condi¬

tions.
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Figure 6-3: Experimental acetol conversion data for homogeneous secondary tar

reactions compared with the values calculated by means ofthe single reaction model

(see text).
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Chapter 7

Experimental Data from Applied Gasifiers and Lab

Reactor

According to the objectives of the present study, the experimental findings and the

derived kinetic models on tar conversion are discussed with regard to their applica¬

bility and consequences for biomass gasification in applied systems. As elucidated

in Chapter 1 and Section 3.1.1, the emphasis of the following discussion is on fixed-

bed gasification. An applied fixed-bed downdraft gasifier was extensively investi¬

gated for this goal. Its mode of operation and its technical parameters are given in the

following section.

At the end of this chapter, some of the present project's results are also briefly dis¬

cussed with regard to fluidized-bed reactors for large-scale biomass gasification.

7.1 Fixed-bed Gasifier Investigated

The investigated "Open-top" gasifier is a stratified fixed-bed downdraft gasifier, de¬

veloped by the Indian Institute of Science (IISc) in Bangalore, India. The reactor has

been adapted for application in Switzerland (Sharan et al., 1997, Giordano,

2000). Its mode of operation is shown in Figure 7-1. The main parameters concern¬

ing the reactor's performance are given in Table 7-1.

Thermal throughput rkWflj 300

Gas generation [m^/kg wood] 2.4

LHV ofproducer gas [MJ/nin3] 4.9

Cold gas efficiency [%] 75.6

Table 7-1: Parameters ofperformance ofinvestigatedfixed-bed, downdraft gasifier

(according to SHARANETAL., 1997 and GIORDANO, 2000).
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Figure 7-1: Scheme of the open-top gasifier (Xylowatt, based on LLSc-Dasag, ac¬

cording to Giordano, 2000).
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7.2 Experimental Data on Tar from Fixed-bed Gasifier

7.2.1 Gravimetric Tar Content of Producer Gas

ffi(^i%§iî u w aines

Tar sampling was conducted at a sampling port downstream of the open-top gasifier

(Figure 7-1), using the same equipment and procedures as in the lab experiments

(see Chapter 4). The gravimetric tar values from these samplings are given in Table

7-2.

1 30% 3194

2 30% 3509

3 40% 1103

Table 7-2: Gravimetric tar content ofproducer gasfrom the open-top gasifier.

As can be gathered from Table 7-2, the gravimetric tar content of the producer gas

appears to decrease with increasing operational load. This is a rather unexpected re¬

sult for a stratified downdraft gasifier, since with an increasing fuel feed rate, the gas

mass flow rate increases linearly and, therefore, the mean residence time of the gas

in the reactor decreases. Hence, one would expect tar conversion to a lesser extent at

higher fuel feed rates, if the conversion temperature remains the same at all opera¬

tional loads. However, the mean tar conversion temperature, i.e. the mean reactor

temperature downstream of the pyrolysis zone in the reactor, mainly depends on the

air input rate in the gasifier. The latter parameter is only passively controlled by con¬

trolling the gas flow rate via the ventilator downstream of the gasifier investigated.

Hence, the fuel feed rate may also influence the air input and consequently, may have

an impact on the maximum mean temperature reached in the reactor. Consequently,
the lower tar content during sample run no. 3 could be the result of the higher mean

reactor temperature due to increased air input, compared to the other two operation
states.
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Comparison of the Measured Far Content

with Predictions from Ike Homogeneous Tar Conversion Model

The measured gravimetric tar contents in the producer gas are compared to the the¬

oretical tar conversion that would result if only homogeneous secondary tar reactions

had occuned in the open-top gasifier. The corresponding calculations are performed

using the model developed for homogeneous gravimetric tar conversion (Section

6.1.2) and considering the following assumptions:

tar yield from the reactor's pyrolysis zone: 30 m-% of the fuel input
distance from end ofpyrolysis zone to end of char gasification zone (i.e. length
of tar conversion zone): 1 m

constant mean temperature in the tar conversion zone

plug-flow behavior of gas phase in reactor

the producer gas immediately reaches its final volume downstream of the py¬

rolysis zone

By considering the last assumption, the absolute minimum mean residence time of

the gas in the reactor is used for the calculations. Hence, a very conservative estima¬

tion of homogeneous tar conversion is obtained. The results from these calculations

are depicted in Figure 7-2.
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Figure 7-2: Calculated conversion of gravimetric tar in the full-scale gasifier in

function ofthe mean reactor temperature, ifhomogeneous secondary tar reactions

occurred only.
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Assuming a primary tar yield of 30 m-% of the (dry) fuel, the actual conversions of

gravimetric tar, based on the measured values (Table 7-2), are determined to be

97.4%, 97.2% and 99.1% for the samples no. 1-3.

These "actual" conversions are compared to the theoretical conversions depicted in

Figure 7-2. It is obvious that, even at very low mean reactor temperatures (around

870°C) and with very conservative assumptions concerning the producer gas' mean

residence time, the tar conversion by homogeneous secondary reactions alone would

exceed the measured values in the gasifier. Since there is a zone with hot char sur¬

faces in the fixed-bed gasifier, heterogeneous secondary tar reactions are occurring
in reality as well, which, as was concluded in the previous chapter, should accelerate

the tar conversion rate even more. Hence, if the tar conversion, determined from

measurements at the gasifier, does not even reach the calculated theoretical tar con¬

version by homogeneous reactions alone, the assumptions concerning the mean gas

residence times (plug-flow behavior of gas in the fixed bed) or the mean conversion

temperature (above approximately 870°C) cannot be true in reality. Consequently,
these findings indicate that there are effects such as channeling ofthe gasflow and

cold spots in the reactor.

Actually, the anangement of the air inlet nozzles, as it is used in the IISc open-top

gasifier, may lead to cold spots between the nozzles, as was found by Kaupp, 1984.

7.2.2 Characterization of Tar Based on GPC Analysis
The tar samples obtained from the investigations of the open-top gasifier were also

analyzed by Gel-permeation chromatography (GPC). Figure 7-3 shows the GP-chro¬

matogram of tar sample no. 2, depicted together with the conesponding chromato¬

grams of a sample from the lab reactor system in mode B and a "primary" tar sample
from the pyrolysis unit (WPU), respectively.
It should be noted that the absolute UV-absorption signals from the different tar sam¬

ples depicted in Figure 7-3 cannot be compared directly, because there were differ¬

ent dilution ratios used for the GPC analysis. In contrast to the GP-chromatograms
shown in Chapter 5, the chromatograms shown here could not be normalized on a

gas volume basis neither, because the gas volumes resulting from the two reactor

systems considered are incomparable due to the different processes, i.e. pyrolysis
with a diluting carrier gas flow versus "real" gasification by means of air.

However, Figure 7-3 shows that at least the tar compositions from the open-top gas¬

ifier and the HETCR, respectively, are very similar. There are some additional peaks
in the chromatogram of the full-scale gasifier's tar sample at retention time around

18 minutes which are attributed to phenols. Phenol is known to be present in consid¬

erable concentrations in the gas and in the waste water from the gasifier.

Hence, it is concluded that the reactor conditions for (heterogeneous) secondary tar

reactions can be simulated very well in the lab reactor system. These findings also
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imply another important conclusion: although no oxygen input was used in the lab

reactor system experiments, the resulting tar samples are very similar in composition
to tar samples from a full-scale biomass gasification system, where air is used as an

oxidizing agent. Thus, the air oxygen does not exhibit a striking influence on tar con¬

version mechanisms in the fixed-bed gasification process, which is quite surprising
as pyrolysis tar is rather reactive. The oxygen appears to be consumed by the oxida¬

tion of the char in the oxidation zone of the gasifier mostly. Of course, there is an

indirect influence of the air (oxygen) on tar conversion, because the amount of oxy¬

gen in the system controls the gasification reactor's temperature, see remarks in Sec¬

tion 7.2.1.
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Figure 7-3: GP-chromatograms from tar samples from the open-top gasifier and

from the lab reactor system.

7.2.3 Single Tar Compounds

Quantitative GC/MS analysis was performed for determination ofthe concentrations

of secondary and tertiary tar compounds (see Section 4.3.2) in the raw producer gas

of the open-top gasifier. Figure 7-4 gives the results for the quantitatively most im¬

portant compounds in the three tar samples. As can be gathered from the figure, sam¬

ple no. 3 shows some significant deviations in the concentrations of the secondary

compounds cresols and phenols, compared to the other two samples.



For the reasons elucidated above, the found compound's concentrations in the pro¬

ducer gas cannot be directly compared to the conesponding values determined in the

mode B experiments with the lab reactor system. However, ratios among typical tar

compounds's concentrations in the gases provide comparable quantities for tar com¬

positions in both samples from the gasifier and from the lab reactor system. The in¬

formative ratios of the tertiary naphthalene to the secondary phenol are given in

Table 7-3.
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Figure 7-4: Concentrations ofselected secondary and tertiary tar compounds in the

producer gasfrom the three different measurements (sample no. 1-3).

no. 1 (open top gasifier)

no. 2 (open top gasifier)

no. 3 (open top gasifier)

HETCR at TR = 962°C

0.3

0.3

1.1

6.7

Table 7-3: Ratios ofthe tar compounds
'

concentrations naphthalene to phenol

foundfor different tar samples (see text).
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The ratios ofthe concentrations of naphthalene to phenol indicate that the conversion

of tar in samples no. 1 and 2 is significantly lower than in sample no. 3. These find¬

ings are confirmed by the conesponding gravimetric tar values given in Table 7-2.

Hence the ratios of important secondary and tertiary tar compounds can also give in¬

formation about the (relative) extent of tar conversion in applied biomass gasifica¬
tion systems.
In contrast to the lab reactor experiments, no or very little soot was found in the raw

producer gas of the open-top gasifier. It is assumed that the soot, produced by sec¬

ondary tar reactions, is oxidized or gasified by means of oxygen and steam, respec¬

tively, in the full-scale fixed-bed gasification reactors.

7.3 Tar Conversion in Fluidized-bed Gasifiers

In contrast to fixed-bed gasification, fluidized-bed gasifiers have not been investigat¬
ed experimentally for the present study. Nevertheless, some of the findings from the

literature review are briefly discussed in the context of fluidized-bed gasification.
Since circulating fluidized-bed (CFB) reactors are favored for biomass gasification,
the discussion is concentrated on this type of fluidized-bed reactor.

As was shown in Chapter 2 (comparisons of biomass gasifier systems with regard to

producer gas quality, Section 2.1.3), the CFB gasifier exhibits (gravimetric) tar con¬

tents in the producer gas that are up to two orders of magnitude higher than in the

case ofthe cocunent fixed-bed gasifier. In order to find an explanation for these find¬

ings from the literature, some of the general features of fixed-bed and CFB reactors

are compared. Table 7-4 gives an overview of the specific advantages and disadvan¬

tages of the two reactor types (according to Levenspiel, 1999).
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Temperature control

Gas flow behavior

Usable fuel solid sizes

difficult, hot and cold

spots

approximately plug flow

"large" fuel solids only
(d> 15 mm)

Contacting between gas and very good, efficient

solids contacting

reliable control, practically
isothermal operation

depends on gas velocity,
reaches plug flow for fast flu¬

idized beds (FF) or pneu¬

matic conveying (PC)
reactors

very small-sized fuel parti¬
cles possible

effective use of (small) cata¬

lyst solids for very fast reac¬

tions

Table 7-4: Comparison ofoperationalfeatures offixed-bed andfluidized-bed
reactors.

The operation criteria temperature (distribution), gas/solidsflow behavior and con¬

tacting ofgas and solids in the gasification reactors are crucial with regard to the

conversion of the primary tar.

Generally, the mean reactor temperature in a CFB reactor is lower than the highest

temperatures reached in the fixed-bed gasifier (in the oxidation zone). However, if

the temperature is found to be too low for sufficient tar conversion, this parameter is

relatively easily adjustable in fluidized beds. Cold spots that may lead to insufficient

tar conversion as in the fixed-bed gasifier are not existent in fluidized beds. Hence,

it is unlikely that the parameter temperature causes the higher tar loads in the CFB

gasifier's producer gas compared to fixed-bed gasification.
The gasflow reaches approximately plug flow behavior in the CFB reactor, if suffi¬

ciently high gas velocities are used. On the other hand, the solidsflow behavior in

CFB reactors is very complicated. Therefore, due to low residence times of some sol¬

ids, there are partly unreacted fuel particles near the CFB reactor outlet. These par¬

ticles are still pyrolyzing and consequently, are still producing tar when they leave

the reactor. Thus, in a CFB reactor, there is a mixing of converted and primary tar,

which leads to the comparatively high tar loads of these gasifiers.



Chapter 8

Conclusions and Outlook

8.1 Conclusions

8.1.1 TarAnalysis
For the analysis of the wet chemical biomass tar samples, gel-permeation

chromatography with UV-multiwavelength-detection (GPC/UV) was per¬

formed. The spectro-chromatograms (SCG) resulting from this analytical
method allow a quick qualitative characterization of the tar samples.

Applied to biomass tar samples, GPC does not provide a fractionation of the

tar mixture's constituents according to molecular weights. The reason for

these findings are solute-solvent interactions (e.g. phenol) and solute-gel in¬

teractions (e.g. PAH).
Rank Annihilation Factor Analysis (RAFA) was applied in order to perform
individual quantification of single compounds in the tar samples without re¬

quiring knowledge of the identities or amounts of the other tar mixture
'

s com¬

ponents. The method is restricted in its usability by retention time shifts that

appear during the chromatographic analysis. There are algorithms that allow

an automatic retention time shift conection while conducting RAFA, which

improve the method's performance. Combined with such a retention time shift

conection, RAFA is a powerful chemometric tool for quantitative analysis.
The method did not work reliably enough yet due to the complexity of the an¬

alyzed biomass tar mixtures. The use of a column with higher component sep¬

aration efficiency, such as appropriate High Performance Liquid Chroma¬

tography (HPLC)-columns would improve the method's performance signifi¬

cantly.
There is no analytical method available yet that allows the characterization of

the whole sampled biomass tar mass by means of simple criteria, such as mo¬

lecular weight, boiling point etc. Such a method is necessary in order to devel¬

op models for biomass tar conversion based on lumps.
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8.1.2 Experimental Results

Experiments on the conversion ofbiomass tar could be successfully conducted

with the constructed lab reactor system which allows the spatially separated

production and conversion ofbiomass tar in continuous operation. The exper¬

imental results from the lab reactor system exhibit a good reproducibility. The

results are consistent with experimental results from full-scale gasifiers.

FJiPmeeeneens Far Conpershm Fxperiments
All numerical values given below refer to the reaction conditions described in Sec¬

tion 5.1.1, i.e. for "isothermal" space times < 0.2 s. The mentioned temperatures are

the reference temperatures TR.

Under the reaction conditions chosen for the mode A2 experiments, homoge¬
neous tar conversion reactions without the external supply of oxidizing agents

become important at temperatures higher than 650°C, which is indicated by
the increasing concentrations of the gases CO, CH4 and H2 in the pyrolysis

gas.

Carbon monoxide is the quantitatively most important gaseous product from

homogeneous tar conversion. In the reference temperature range of 680-

1000°C, the CO yield increases from 6 to 12 m-% of the wood fuel input.

Among the gases measured, the hydrogen yield exhibits the highest growth
rate at temperatures above 700°C. At TR = 990°C the hydrogen yield is 7.4

times higher than in the "primary" pyrolysis gas. The behavior ofthe hydrogen

during homogeneous tar conversion is qualitatively similar to the behavior of

the polyaromatic hydrocarbons (PAH).
The gravimetric tar yield decreases with increasing reactor temperature during

homogeneous tar conversion. The highest conversion reached during the cor¬

responding experiments was 88% at TR = 990°C and at an isothermal space

time of approximately 0.12 s.

Soot is an important product from homogeneous tar conversion. Around 2/3

of the "primary" tar appear to be converted into soot at the highest tempera¬

tures investigated.
The GP-chromatograms from the mode A2 experiments show the transition of

the tar composition during homogeneous tar conversion. With increasing con¬

version temperatures, the "primary" tar, containing mainly oxygenated com¬

pounds, is transformed into secondary tar (phenols). Then, the tar becomes

more aromatic, which finally leads to the tertiary tar composition that is dom¬

inated by PAH. The GP-chromatograms indicate that there is a considerable

amount of unidentified tar compounds in the "primary" tar.
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The primary tar compound acetol (l-hydroxy-2-propanone) is the quantita¬

tively most important compound analyzed. Its share in the estimated "total tar"

yield is approximately 16 m-% in the "primary" tar, which conesponds to a

yield of 5 m-% of wood fuel input.
The secondary tar compound phenol does not exhibit a clear trend during the

homogeneous secondary tar conversion experiments. On the other hand, the

ethyltoluenes, the xylenes and the methylstyrenes show the typical behavior

of secondary tar compounds, i.e. thebehavior of an intermediate product from

homogeneous tar conversion.

Naphthalene is the quantitatively most important tertiary tar compound ana¬

lyzed. The naphthalene yield reaches about 0.1 m-% of the fuel wood mass at

the highest temperature investigated for the mode A2 experiments.
About 20% of the total tar mass in the samples from homogeneous tar conver¬

sion experiments with reference temperatures up to 800°C has been identified

by means of GC/MS analysis with the quantitative determination of more than

50 individual compounds. Hence, up to medium temperatures of 700-800°C,

the tar mass consists of an enormous number of individual substances in very

small concentrations.

The performance of heterogeneous tar conversion experiments with the lab reactor

system in mode B was a delicate task due blockage of the HETCR. Moreover, the

gasification of the char at temperatures above 800°C caused transient process condi¬

tions that were difficult to control and record. Because of the uncertainties in the re¬

action conditions resulting from the transient processes, the data from the

experiments on heterogeneous tar conversion experiments were only used to point
out qualitative trends.

The presence of char surfaces during secondary tar reactions appears to accel¬

erate the tar conversion in the pyrolysis gas. However, compared to the homo¬

geneous case, no major differences in the change ofthe tar composition during
the conversion can be ascertained.

8.1.3 Modeling Results

Because of the complexity of the organic compound mixtures that represent

"tar", complete, mechanistic, molecular-based models for secondary tar reac¬

tions are not feasible. Therefore, the behavior of acetol and naphthalene during

homogeneous secondary tar reactions without the external supply of oxidizing

agents was modeled using formal kinetic approaches. The gravimetric tar was

used as a lump for modeling the thermal behavior of the tar mass.
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m The determined kinetic parameters for the description of the homogeneous
conversion of gravimetric tar are similar to those from previous conesponding

studies, although different experimental set-ups were used for generating the

experimental data.

8.1.4 Comparison of Results with Findings from Applied Gasifiers

The findings from the experiments and from the modeling were discussed with re¬

gard to their meaning and consequences for biomass gasification in applied systems.

For this goal, a full-scale, downdraft fixed-bed gasifier (300 kWth) was investigated,
i.e. tar samples were taken and analyzed for the determination of the gravimetric tar

and for quantification of individual secondary and tertiary tar compounds.

The measured gravimetric tar contents in the producer gas from the full-scale

gasifier were compared to the theoretical tar conversion that would result if

only homogeneous secondary tar reactions occuned in the open-top gasifier.
These comparisons indicate that there are effects such as channeling ofthe gas

flow and cold spots in the full-scale reactor.

The comparison of GP-chromatograms from tar samples from the HETCR and

the full-scale gasifier, respectively, show a very similar composition of the tar.

Hence, the reaction conditions for tar in a full-scale gasifier can be well simu¬

lated in the lab reactor in mode B.

The presence of air in the full-scale fixed-bed gasifier seems to have no major

impact on tar conversion mechanisms. These findings are derived from the

comparison of GP-chromatograms from the two tar samples mentioned in the

previous section.
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8.2 Outlook

Based on the results from the present work, the following topics are recommended

for further research in the field of biomass tar conversion:

lar anah sis

Research is necessary in order to find an analytical method that allows the

characterization of the whole tar mass in the tar samples. Hence, the tar com¬

position should be described quantitatively by means of a limited number of

lumps. Fractionation of the tar samples by means of liquid chromatography

might be a possible approach in order to define chemical class fractions which

can be used as lumps for modeling.

kxpei imenlal

In order to get quantitative data on heterogeneous tar conversion, the lab reac¬

tor system should be modified. Thus, the reactor for heterogeneous secondary
tar reactions should be re-designed in order to make the process continuous

with regard to the catalytically active char fixed bed.

Quantitative investigation of soot formation in pyrolysis/gasification process¬

es of biomass is another important topic for further experimental research.

Modeling of lar Conversion

The realization of the given recommendations concerning new analytical
methods and further experiments would provide new data material for empir¬
ical models on tar conversion. A complete kinetic model, involving both ho¬

mogeneous and heterogeneous secondary tar reactions, eventually could be

integrated in a model for the gasification process. Such a gasifier model should

also contain a computational fluid dynamics (CFD) module that allows to sim¬

ulate the flow conditions in full-scale gasifiers.
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Appendix

A-l: Post-processing Method for On-line-measured Data

The data that was measured on-line during the experiments with the lab reactor sys¬

tem, i.e. concentrations of non-condensable gases and temperatures, were evaluated

by means of a MATLAB code. The procedure for data evaluation used in this code

is elucidated in Figure A-1.1:

Data post-processing operation Result of operation

Read raw data file

Assignment of data to origin (downstream of WPU,

downstream of HOTCR or HETCR),

plot overview of data set

Selection of data for evalution, i e sorting out of

data from the heat-up phases of the reactors

(transient process phases)

Calculation of the mean value of the data

sub-sets

complete raw data set of an experimental

-l> series (e g data set from an mode A2 ex¬

periment with a duration of 9 hours)

graphical overview of measured data

-o assigned to origin (WPU, HOTCR or

HETCR) and reference temperature

data sub-sets that contain the measured

H>- values at a steady-state of the reactor

system

discrete data points that describe

the reaction conditions at a steady-
state of the system in function of

the reference temperature

Figure A-l.1: Procedurefor evaluation ofon-line measured data.
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A-2: Tar Sample Protocol

P+T » Measurement for Biomass Gasifiers (modified train for ETH)

Test No ETHXX pyroXX) Date

Operational parameters

Gasifier Type/Si e Ta Conve sion System^

Ga=itip start
_

Fjel type

Fuel moulure
_

[%

[Sampling parameters

Sampling site

Tartrapping sovent

Ambient pressure

HOMTCR XXX °C

[mbcr] Amb tCTipcmturc

Ductdiameier Nozzle oiameter

tmtweiqht final weiqht

stock bottle

j
M

storing bottle [g]

Gas meter protocol

[fh mrrl

Gas temperature

in duct

Reading

[ml

Temperature

m gas meter

ra

Ap pump

Inbar

Samp inq

Flow rats

[Nrr'h]

P&Tsamplng train Nopartice iter with iiquic quench condensator tQ°C )

no saturator 3washbetleawthsolvant (ypeDtechsef 2&°C) drop separator

Beicre the pump an activated carbon filter is used as puma protectiorj] ignite ctxe Drechsel rapinger)

AH the liguidjsstojfcc in una buttle ( n inl;outJ 1 and refrigerate, r)

.Summary protocol

P+T sampiing start

Titalrrpss if

Approx mass o condensate

Averaged sample flow rate

Talal amount o gas sampled

Tata! sarrpî ng duration

Mean ras mMprtPmpprattirp

P+T sampling end

[Q]

Figure A-2.1: Protocol usedfor tar sampling.
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A-3: List of Reference Compounds for GPC/UV Analysis

Acetic acid C2H402 60 118 64-19-7

Propionic acid C3H602 74 141 79-09-4

Acetol (l-hydroxy-2-propanone) C3H602 74 146 116-09-6

Benzene c(fie 78 80 71-43-2

2-Cyclopenten-1 -on C5H60 82 930-30-3

Butyric acid c4Hg02 88 164 107-92-6

Toluene C7H8 92 111 108-88-3

Phenol C6H60 94 182 108-95-2

Furfural (2-furaldehyde) C5H402 96 162 98-01-1

3-methyl-2-cyclopenten-1 -one C6H80 96 2758-18-1

Furfuryl alcohol C5H602 98 170 98-00-0

1,3-Cyclopentanedione C5H602 98 3859-41-4

o-Cresol C7H80 108 191 95-48-7

p-Cresol C7H80 108 202 108-39-4

m-Cresol C7H80 108 202 106-44-5

5-Methylfurfural C6H602 110 187 620-02-0

2-Acetylfuran C6H602 110 1192-62-7

3-methyl-l ,2-cyclopentanedione C6H802 112 765-70-8

Acetoxyaceton C5H803 116 592-20-1

Indene C9H8 116 183 95-13-6

2,4-Dimethylphenol C8H10O 122 211 105-67-9

2,5-Dimethylphenol C8Hio° 122 211 95-87-4

Table A-3.1: Reference compoundsfor GPC/UV analysis, part 1.
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Guaiacol C7H802 124 205 90-05-1

5-Hydroxymethylfurfural C6H603 126 67-47-0

Naphthalene CiÄ 128 218 91-20-3

2-methoxy-4-methylphenol C8Hl0°2 138 93-51-6

2-Methylnaphthalene cnHio 142 241 91-57-6

1 -Methylnaphthalene cnHio 142 245 90-12-0

Acenaphthalene ^12^8 152 280 208-96-8

Eugenol C10H12O2 164 97-53-0

Isoeugenol ci()Hi202 164 97-54-1

Fluorene ^13^10 166 294 86-73-7

Phenanthrene C14H10 178 340 85-01-8

Anthracene C14H10 178 340 20-12-7

Fiuoranthene ciöHio 202 386 206-44-0

Pyrene CieHio 202 394 129-00-0

Benz[a] anthracene ^18^12 228 438 56-55-3

Chrysene CigH12 228 448 218-01-9

Benz[e]acephenanthrylene C20H12 252 357 205-99-2

Benzo [k] fiuoranthene C2oHl2 252 480 207-08-9

Benzo [a]pyrene C20H12 252 495 50-32-8

Indeno[ 1,2,3-cd]pyrene C22H14 276 536 193-39-5

Benzo[g,h,i]perylene ^22^12 276 542 191-24-2

Dibenzo[a,h]anthracene C22H14 278 524 53-70-3

Table A-3.2: Reference compoundsfor GPC/UV analysis, part 2.
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A-4: Procedure for the Determination of Gravimetric Tar

The procedure given below (method jointly developed with EMPA [Swiss Federal

Laboratories for Material Testing and Research]) was used for the analytical deter¬

mination of the gravimetric tar from the wet chemical tar samples. In these samples,
the tar is solved in l-methoxy-2-propanol. The analytical procedure involves a rotary

evaporator (model used here: Büchi Rotavapor-R).

Heat water bath of Rotavap up to 65°C

Weigh empty, dry sample flask for rotary evaporator, including tap

Pour about 50 gram of tar sample solution in the flask and assemble flask and

rotary evaporator. Switch on rotation (approximately 120 rpm)
Start water cooling (0°C) and vacuum pump (100 mbar)
Lower flask into water bath until 5 mm of the flask's cross-section has dipped
to the bath

Wait 5 min.

Continue to lower the flask until the lower third ofthe flask's cross-section has

dipped to the bath

After another 5 min., the distillation should begin, if not: lower the flask fur¬

ther

At the beginning of the distillation, lower the flask until half of the flask's

cross-section has dipped to the bath

Evaporate sample until there is no dripping of solvent or until whitish or bright

yellow condensate appears at the neck of the flask

If there is no condensation (otherwise omit this step): lower pressure to 80

mbar, wait 2-3 min

Lift flask out of water bath, cover water bath, wait 2-3 min

Increase pressure by steps until atmospheric pressure is reached (80/100/150/
250/400/600/1000 mbar)

Stop rotation, remove flask and put tap on. Rinse outer flask surface with ac¬

etone, put flask into exicator

After6 hours: weigh flask and determine share of tar residue ofthe evaporated
tar sample in the original sample (including the solvent)

Hivmii



Illipililiiliiliiilppiili

A-5: Error Analysis for Experimental Results from Lab Reactor

The errors of the determined yields and concentrations of non-condensable gases,

gravimetric tar and single tar compounds are analyzed below. These measures are

calculated functions of measured quantities, that exhibit experimental errors them¬

selves. For example, the yield of a non-condensable gas specie is calculated as

17
gas

'

ch measured
' a

, . -. s

y^,
=

m—, (A"1}

fuel

where

Vgas : normal volumetric flow rate of total pyrolysis gas

ci measured
' measured volumetric concentration of gas specie i

a: constant: reciprocal normal molar volume multiplied by the molar

weight of gas specie i

fuei ' fuel teed rate.

The yield of a single tar compound, determined from GC/MS analysis of the wet

chemical tar sample was calculated as

=

è, ms Vgas
ycompoundl V m

s fuel

where

cl : concentration of compound i in the wet chemical tar sample

ms: mass tar sample, including sampling solvent

Vs: sampled pyrolysis gas volume.

The yields of gravimetric tar was determined analogously, using the share of tar res¬

idue of the evaporated tar sample in the original sample, sgt instead of cl in eq. A-2.

The errors (known or supposed measurement precision) of the variables used in eq.

A-l and A-2 are given in Table A-5.1.
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'fuel

v.

"gt

calculated from N2 mass balance

measured by on-line gas analyzers

determined from calibration of the wood

chips feeder system

determined by GC/MS analysis of the wet

chemical tar sample

weighed by means of precision balance

measured by means of gas meter

determined analytically

10.0

2.0

5.0

20.0

0.05

1.0

20.0

Table A-5.1: Variablesfor calculation ofyieldsfrom tar conversion experiments
and their experimental errors.

In order to calculate the error of the yields and concentrations determined from the

experimental measured/determined quantities, the law ofpropagation of error is

used:

where
2

S
Fm

N:

F:

fk
2

"fi'

"Fm
i(B
k = 1

yfk
ß

(A-3)

variance of means

number of variables

function for the determination ofthe desired quantity (e.g. eq. A-l or A-2)
variables in function F

variance of experimentally determined values for the variables.
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The calculated values for the errors (i.e. the overall relative standard deviations) of

the calculated yields and concentrations are given in Table A-5.2. It should be noted

that these calculated overall relative standard deviations describe the uncertainty due

to the analytical procedures. The errors resulting from the performance of the exper¬

iments and the sampling are not considered.

Yields of non-condensable gas species 10.2

Yields of gravimetric tar 22.9

Yields of single tar compounds 22.9

Concentrations of gravimetric tar in pyrolysis gas 20.0

Concentrations of single tar compounds in pyrolysis gas 20.0

Table A-5.2: Relative errors (based on mean values) ofdetermined quantities.

A-6: Data Set from Mode A2 Experiments

The determined concentrations of the gravimetric tar and the single tar compounds
from mode A2 experiments are given in Table A-6.1 andA-6.2.
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Sample ETH No

Reference temperature TR [°C]

Concentration grav tarin [g/mn3 dry]

Concentration tar components in [mg/mn3 dry]

Aromatics

Benzene

Toluene

Ethylbenzene

p&m-Xylene

o-Xylene

Styrene

3-Ethyltoluene

4-Ethyltoluene

2-Ethyltoluene

Phenol

a-Methylstyrene

3&2-Methylstyrene

4-Methylstyrene

2 3-Benzofuran

o-Cresol

Indene

p-Cresol

m-Cresol

Naphthalene

2-Methylnaphthalene

1-Methylnaphthalene

Biphenyl

Acenaphthylene

Acenaphthene

Di benzofuran

Fluorene

Phenanthrene

Anthracene

Fiuoranthene

Pyrene

Benz[a]anthracene

Chrysene

Benz[e]acephenanthrylene 05 06 07 09 18 46

Benzo[k]fluoranthene 04 04 05 05 14 59

Benzo[a]pyrene 13 14 17 19 31 85

Perylene 08 08 09 11 12 15

Dibenzo[ah]anthracene 06 06 07 09 09 14

lndeno[1 2 3-cd]pyrene 0 7 0 8 1 11 14 3

Benzo[ghi]perylene 05 07 09 11 13 22

Oxygenates

Acetic acid nd nd nd nd nd nd

Propionic acid nd nd nd nd nd nd

Butyric acid nd nd nd nd nd nd

Acetol (1-hydroxy-2-propanone) nd nd nd nd nd nd

Furfural (2-furaldehyde) nd nd nd nd nd nd

5-Methylfurfural nd nd nd nd nd nd

Furfuryl alcohol nd nd nd nd nd nd

Guaiacol nd nd nd nd nd nd

4-Methylguaiacol nd nd nd nd nd nd

Phenol nd nd nd nd nd nd

o-Cresol nd nd nd nd nd nd

m-Cresol p-Cresol nd nd nd nd nd nd

2 3-Dimethylphenol nd nd nd nd nd nd

2 4-/2 5-Dimethylphenol nd nd nd nd nd nd

2 6-Dimethylphenol nd nd nd nd nd nd

3 5-Dimethylphenol nd nd nd nd nd nd

3 4-Dimethylphenol nd nd nd nd nd nd

Table A-6.1: Data setfrom mode A2 experiments, part 1.

21 20 22 23 24 25

443 545 643 739 833 927

306 2 266 9 216 9 213 5 70 84 8

141 9 157 9 179 6 389 1356 2 1425

168 3 177 3 172 3 316 3 721 4 315

19 7 19 22 2 44 6 119 184 9

208 6 198 7 209 1 294 7 393 9 380 8

25 6 26 1 28 3 43 4 62 3 67 7

95 122 173 64 4 253 1 0

26 7 25 27 4 41 3 64 3 11 4

85 75 79 88 9 40 2

43 53 51 109 19 159

1067 4 1009 9 777 6 906 7 1537 6 1568 7

1 9 23 29 96 20 9 25 3

68 85 11 34 7 85 1 1193

23 32 41 122 30 40 2

33 7 34 7 34 2 50 5 105 5 152 7

577 9 5166 543 1 591 647 4 509 3

15 7 158 177 48 2 179 4 422 7

482 8 430 1 457 6 601 1 705 5 397 1

600 575 9 567 7 479 9 491 3 581 9

15 7 189 22 3 40 6 214 1 700 6

24 5 23 3 24 35 5 89 2 148 7

12 9 122 129 22 2 61 8 107 9

3 32 34 6 18 3 46

1 8 1 4 24 88 69 225 3

56 53 65 65 11 8 195

62 62 58 69 13 4 30 1

72 68 67 122 28 63 4

83 76 89 11 9 37 5 121 2

56 5 58 7 16 4 43 9

33 31 39 52 10 7 35 2

42 39 5 63 11 9 36 4

24 22 28 31 63 167

1 5 1 5 1 8 22 43 11 1

iPyzyn
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Sample ETH No 57 50 51 52 53 54 55 56

Reference temperature TR [°C] 446 502 589 686 779 828 912 988

Concentration grav tar in [g/mf dry] 279 6 325 8 362 9 249 5 196 4 120 0 39 1 31 9

Concentration tar components in [mg/mf dry]

Aromatics

Benzene 244 7 231 5 295 6 361 2 794 6 1366 2 3172 3 5108 2

Toluene 242 2 234 4 274 0 304 2 520 3 701 9 1029 9 1239 6

Ethylbenzene 22 9 23 5 27 3 31 7 70 4 103 0 140 0 1184

p&m-Xylene 221 5 237 7 269 3 266 5 342 2 371 7 385 5 330 7

o-Xylene 28 3 30 7 33 5 37 2 52 6 57 1 59 6 50 0

Styrene 162 165 21 3 34 7 1139 210 2 432 7 546 8

3-Ethyltoluene 20 6 22 3 25 1 26 8 40 2 46 7 48 1 34 9

4-Ethyltoluene 34 40 36 38 62 71 67 48

2-Ethyltoluene 53 55 68 73 13 4 161 15 9 108

Phenol 1082 3 1168 5 1267 3 1179 7 1470 7 1496 9 1552 1 1304 0

a-Methylstyrene 30 31 37 53 13 5 175 20 3 174

3&2-Methyl styrene 102 11 8 14 6 189 53 3 69 0 94 3 91 8

4-Methylstyrene 42 42 52 73 17 9 24 8 32 4 31 6

2 3-Benzofuran 42 1 42 8 48 2 49 2 76 5 97 1 136 8 137 1

o-Cresol 488 3 532 3 583 9 537 6 615 2 566 6 428 0 270 7

Indene 195 21 0 25 3 33 7 91 9 159 3 372 9 627 9

p-Cresol 434 0 442 5 549 1 421 4 534 6 547 5 305 9 233 1

m-Cresol 5144 602 0 554 1 586 6 626 5 490 2 569 4 351 1

Naphthalene 27 6 28 8 39 9 60 5 107 7 193 6 576 6 1058 5

2-Methylnaphthalene 25 9 28 0 33 4 32 4 55 4 78 5 128 2 159 0

1-Methylnaphthalene 128 141 17 2 172 34 4 52 7 91 2 1140

Biphenyl 43 46 55 57 92 151 38 6 60 5

Acenaphthylene 23 25 41 78 24 4 57 2 181 9 342 5

Acenaphthene 34 33 47 56 74 99 15 6 189

Dibenzofuran 93 94 10 5 104 12 3 150 29 1 42 1

Fluorene 75 62 97 94 11 2 198 55 2 102 2

Phenanthrene 102 154 14 1 186 24 1 36 1 95 5 168 1

Anthracene 61 69 79 85 10 4 151 33 6 55 7

Fiuoranthene 37 47 52 72 91 106 27 9 57 7

Pyrene 46 60 66 86 10 3 11 8 27 7 55 7

Benz[a]anthracene 26 47 39 46 46 54 13 1 22 7

Chrysene 1 7 33 27 30 33 39 89 157

Benz[e]acephenanthrylene 07 20 1 1 1 4 1 8 1 7 41 85

Benzo[k]fluoranthene 04 1 7 08 1 4 1 3 1 3 40 94

Benzo[a]pyrene 1 4 37 21 28 33 31 70 155

Perylene 09 1 2 1 2 09 1 2 1 2 1 7 26

Dibenzo[ah]anthracene 07 09 09 07 08 09 1 2 1 8

lndeno[1 2 3-cd]pyrene 07 1 5 1 1 1 0 1 4 1 4 26 54

Benzo[ghi]perylene 06 1 2 08 09 1 4 1 2 21 48

Oxygenates

Acetic acid 7376 8 9177 4 9860 8 8310 3 9132 0 8459 4 7550 6 3468 2

Propionic acid 856 2 1095 8 12124 730 0 817 8 1008 9 635 8 346 8

Butyric acid 421 5 582 2 565 8 544 7 477 0 326 0 159 0 86 7

Acetol (1-hydroxy-2-propanone) 30956 0 50749 9 48657 3 43965 9 32302 7 16918 8 4768 8 1445 1

Furfural (2-furaldehyde) 1449 0 2054 7 1859 0 1740 7 1294 8 1086 5 4133 0 137 3

5-Methylfurfural 355 7 452 0 493 0 404 3 368 0 279 4 174 9 1156

Furfuryl alcohol 1251 4 1575 2 16165 1235 3 1090 4 931 3 373 6 86 7

Guaiacol 480 8 856 1 751 7 320 1 149 9 85 4 71 5 72 3

4-Methylguaiacol 579 6 11164 953 7 353 7 149 9 69 8 55 6 65 0

Phenol 974 8 1102 7 13175 741 2 1049 5 1063 2 1152 5 989 9

o-Cresol 592 8 636 9 800 2 763 6 1124 5 962 4 10173 650 3

m-Cresol p-Cresol 388 6 438 3 509 2 432 4 531 6 450 1 373 6 267 3

2 3-Dimethylphenol 59 3 61 6 80 8 67 4 88 6 62 1 47 7 21 7

2 4-/2 5-Dimethylphenol 1080 2 1143 8 1495 3 1252 2 1315 3 830 4 5166 173 4

2 6-Dimethylphenol 79 0 95 9 105 1 95 5 109 0 93 1 63 6 57 8

3 5-Dimethylphenol 223 9 239 7 291 0 247 1 320 3 248 4 190 8 43 4

3 4-Dimethylphenol 72 5 75 3 97 0 84 2 88 6 77 6 55 6 21 7

Table A-6.2: Data setfrom mode A2 experiments, part 2.
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Notation

Note: Some symbols and constants which are defined in relation to factor analysis

(Chapter 4) are not included here.

Latin Symbols

A

A

C

Ag

ct

c
As

c
As

c;

D

•50

F,

molar coefficient

Data matrix

Concentration of reactant A in bulk

average concentration of reactant A in

pore

Concentration of reactant A at particle
surface

concentration of reactant at the parti¬
cle surface

mass concentration of species i

Diffusivity through particle gas film

effective diffusivity

particle diameter

particle diameter for which a separa¬

tion efficiency of 50% is reached

activation energy

molar flow rate of (gaseous) species i

frequency factor

mass transfer coefficientbetween fluid

and particle

[mol/m ]

[mol/m3]

[mol/m3]

[mol/m3]

[kg/m3]

[m2/s]

[m3 fluid/(m solid- s)]

various, [m]

[Urn]

[kJ/mol]

[mol/s]

various def

[m3 gas/(m2 surface-s)]

reaction rate constant for species i various def.
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L characteristic length of particle [m]

»COO mass of final char yield [kg]

ms mass of moist solid (fuel) [kg]

msd mass of (oven) dry solid [kg]

mT mass of total tar [kg]

NA number ofmoles of reactantA [-]

P pressure [Pa]

R general gas constant R == 8.314 [J/(mol-K)]

A, app

rA,nd

T

Tr

U

V

off

apparent, actual mean reaction rate in various def. e g fmol/(m3
pore

rate without pore diffusion resistance

reaction rate for species i

diagonal matrix from singular value

decomposition (SVD)

external surface of solid

Temperature

reference temperature

fluid-s)]

various def, e.g. [mol/(m3
fluid- s)]

[mol/(m3-s)]

various

lmJJ

[K]or[°C]

[°C]

orthogonal matrix from singular value various

decomposition (SVD)

orthogonal matrix from singular value various

decomposition (SVD)

gas flow rate

gas velocity

effective reaction volume

[m3/s]

[m/s]

fm3]

üügüüüü
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wb

wdf

wf

volume of partiele

superficial velocity

(total) water content of the wood

bound water content of the wood

moisture content of the wood

free water content of the wood

[m-J

[m/s]

illmen%ionles % Croup%

j factor
Colburn factor = -£(Sc)

v

2/3

MT

Thiele modulus = L —

Re d vp
Reynolds number = —-—

Sc
Schmidt number = -^-

pD
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(wreck Symbols

AH298K standard enthalpy of formation

e effectiveness factor

e molar absorptivity per unit paht length of compo-
13

nent/ at wavelength i,

P

cold gas efficiency

viscosity of fluid

density

[kJ/mol]

[-]

[kg/(m-s)]

[kg/m3]

mmHwlfiJfj
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Abbreviations

BFB Bubbling bed reactor

BTX Benzene, toluene, xylenes (tar compounds)
CAS Chemical abstracts service

CFB Circulating fluidized bed (reactor)
DAEM Distributed activation energy model

DF Degrees of freedom

GC/MS Gas chromatography/mass spectrometry

GC/SIMDIS Gas chromatography for simulated distillation

GPC/UV Gel-permeation chromatography/ultra-violet detection

HACA H2-abstraction-C2H2-addition(HACA-mechanism)
HC Hydrocarbons
HETCR Heterogeneous tar conversion reactor

HOTCR Homogeneous tar conversion reactor

HPLC High performance liquid chromatography
IC Internal combustion (engine)

kWel Kilowatt electric

kWth Kilowatt thermal

LCV Low calorific value

LHV Lower heating value

MBMS Molecular beam mass spectrometry

MCV Medium calorific value

MDW Molecular weight distribution

MWel Megawatt electric

MWth Megawatt thermal

ODE Ordinary differential equation(s)
OECD Organization for Economic Cooperation and Development
PAH Polyaromatic hydrocarbons
P&T Particle and tar (sampling method)
RAFA Rank annihilation factor analysis
RI Refractive index (detector)
SCG Spectro-chromatogram
SEC Size exclusion chromatography
SEE Standard error of the estimate

SR Stoichiometric ratio

SVD Singular Value Decomposition
TBP True boiling point
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TFA Target factor analysis
THF Tetrahydrofuran
TIC Total ion current

US-EPA United States Environmental Protection Agency
WPU Wood pyrolysis unit
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