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Abstract

Gasification is a promising technique for transforming solid biomass into a gas that can be
used to produce renewable heat, power, fuels or chemicals. Biomass materials, such as
forestry residues, can be high moisture, heterogeneous mixtures with low bulk density -
properties that make them difficult to handle and convert. Consequently, this means that
feedstock pre-treatment is usually necessary in order to facilitate its conversion by
gasification. Pre-treatments methods, which include comminution, drying, pelletization,
torrefaction, or carbonization will affect the properties of the biomass which will affect their
gasification in a fluidized bed. The objective of this thesis was to determine how biomass
pre-treatment can influence gasification in a fluidized bed. A single forestry residue was
processed using five pre-treatment process levels: sieving (as a surrogate for comminution),
drying (moisture content), pelletization, torrefaction, and carbonization. The fractions
derived from these processes were gasified in a small pilot-scale air blown bubbling
fluidized bed gasifier (feed rate 8 - 25 kg/h). The particle size and form had an impact on
the gas composition, tar content, and cold gas efficiency of the gasification. Over the
conditions tested, the finest fraction produced a gas with a Hz/CO ratio of 0.36 - 0.47
containing 7 - 59 g/m3 tar (gravimetric) at a cold gas efficiency of 30 - 41%. The pellets on
the other hand yielded a gas with a H2/CO ratio of 0.89 - 1.14, containing 3 - 37 g/m3 tar
(gravimetric) at a cold gas efficiency of 41 - 60%. Drying, torrefaction and carbonization
also had an impact on the gasification performance. Carbonization was able to reduce the
yield of tar (as measured by gas chromatography) by more than 95% relative to the parent
material. Finally, four different forestry residues were gasified in a large pilot-scale
bubbling fluidized bed with air and steam-oxygen mixtures (feed rate 200 - 245 kg/h) in
order to assess whether the comminution effect could be observed at the large scale. One
feedstock with a significant portion of small particles showed the expected effects
compared to the feed materials with large feed particles: lower Hz/CO ratio, greater tar
yield, lower cold gas efficiency while the other feed material containing a substantial

amount of small particles did not show these effects.



Résumé

La gazéification est une technique prometteuse pour transformer la biomasse solide en gaz
qui peut étre utilisé pour produire de la chaleur, de 1'électricité, des carburants ou des
produits chimiques. Les matériaux de la biomasse, comme les résidus forestiers, sont
humides, hétérogenes et de faible densité - propriétés qui les rendent difficiles a manipuler
et a convertir. Dong, le prétraitement est souvent nécessaire, afin de faciliter la conversion
de la biomasse par la gazéification. Les méthodes de prétraitement, comme le broyage, le
séchage, la granulation, la torréfaction et la carbonisation, auront un impact sur les
propriétés physiques et chimiques de la biomasse. L'objectif de cette these était de
déterminer comment le prétraitement de la biomasse peut influencer la gazéification en lit
fluidisé, puisque l'impact de ces propriétés modifiées sur leur conversion par la
gazéification n'est pas toujours évident. Un résidu forestier a été prétraité a cinq niveaux de
prétraitement: tamisage (un substitut pour le broyage), séchage, granulation, torréfaction et
carbonisation. Les fractions prétraitées ont été gazéifiées a l'air dans un lit fluidisé a
I'échelle pilote (taux de biomasse: 8-25 kg/h). La taille des particules et la forme des
particules ont un impact sur la composition du gaz produit, sur la quantité de goudron et
sur |'efficacité de la gazéification. Sur la gamme de conditions d’essai, la fraction la plus fine
a produit un gaz avec une proportion Hz/CO de 0,36 a 0,47 contenant 7 a 59 g/m3 de
goudron (gravimétrique) avec une efficacité (gaz froid) de 30 a 41 %. De 'autre coté, les
granules ont produit un gaz avec une proportion H2/CO de 0,89 a 1,14, contenant de 3 a 37
g/m3 de goudron (gravimétrique) avec une efficacité (gaz froid) de 41 a 60 %. Le séchage,
la torréfaction et la carbonisation ont également eu un impact sur la performance de
gazéification. La carbonisation a été capable de réduire la quantité de goudron (mesurée par
chromatographie en phase gazeuse) de plus de 95 % par rapport aux matériaux sources.
Enfin, quatre résidus forestiers différents ont été gazéifiés dans une lit fluidisé bouillonnant
(échelle pilote-grande) avec de l'air et des mélanges de vapeur d’eau et d'oxygene (taux de
biomasse: 200 a 245 kg / h) afin d'évaluer si I'effet du broyage pourrait étre observé a une
échelle plus grande. L'un des résidus forestiers avec de nombreuses particules fines a
montré les effets attendus par rapport aux deux résidus forestiers sans beaucoup de
particules fines: rapport inférieur H2/CO, plus de goudron et une efficacité moindre de gaz
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froid. L’autre résidu forestier avec de nombreuses particules fines n'a pas montré les

mémes résultats.
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Chapter 1. Introduction

Over the past century the majority of energy consumed has originated from fossil sources,
primarily coal, oil, and natural gas. However, the geographic distribution of the fossil
sources, concerns of their depletion, and the environmental implications of their use have
sparked considerable interest in finding cleaner, renewable alternatives for energy
production. The most promising short term replacement for fossil energy sources is

biomass.

In Canada there exists significant potential to better utilize biomass resources to displace
fossil energy sources and create economic activity based on renewable resources. For
example, it is estimated that there are 500x101>]/y of available urban and roadside wood
waste in Canada (Paré et al, 2011). The use of these residues could roughly double the
contribution of bioenergy to Canada’s primary energy mix. In order to access the full
potential of these wood waste resources, and other residual biomass resources in Canada
including agricultural residues, further development is required for biomass conversion
technologies that efficiently convert biomass into wide variety of products to replace

products and services currently provided by fossil resources.
1.1 Significance of the Work

Biomass gasification is a conversion process that represents significant potential for the
utilization of residual and low value fuels such as forestry and agricultural residues for the
creation of renewable energy, fuels, and “green” chemicals. Biomass gasification has already
seen significant development in Canada and abroad. Gasification is well-established for
generating heat and steam, has a few successful commercial combined heat and power
applications, and there currently are demonstrations for the production of chemicals and

fuels from biomass using gasification.

For large scale applications (10-100 MW4), fluidized beds are the likely choice for the
gasification of biomass. Fluidized bed gasifiers do not have the scale limitations of
downdraft gasifiers, they do not have the same magnitude of tar problem as updraft

gasifiers, and do not have the strict requirements on the fuel size and ash characteristics



like entrained flow gasifiers. For these reasons, fluidized bed gasifiers are one of the most

important types to study.

The unfavorable fuel characteristics while using residual biomass feedstocks are one of the
main constraints to the proliferation of biomass conversion techniques. Raw biomass is low
energy density, diffuse resources which makes it costly to transport, store, and convey into
conversion process. Residual fuels often have high moisture content leading to
biodegradation of the fuel and their inefficient conversion. Every low cost residual biomass
fuel will need some level of pre-treatment before it is transportable as a commodity or

being useable in a biomass gasification conversion process.

Some type of pre-treatment must be performed on biomass feedstock in order to meet the
criteria of the handling and conversion equipment. Comminution is required in order to
move biomass in traditional conveying system and for it to be easily fed into a fluidized bed
gasifier. Drying must be completed to prevent biodegradation and spontaneous combustion
of fuel piles. An under appreciation of the importance of drying has led to countless
operational issues on biomass combustion equipment. Other pre-treatments are not strictly
required but are part of fuel beneficiation strategies. Densification, such as pelletizing or
briquetting can greatly increase the transportability and handling characteristics of residual
biomass fuels. Canada exported about 1.37 million tonnes of pellets to Europe in 2012
(Statistics Canada, 2013) because the pelletization transforms the material into a uniform,
higher density fuel. Torrefaction offers the possibility to improve and commoditize residual
biomass fuels even further than conventional pelletization. There are at least four Canadian
companies who are actively developing pilot torrefaction technologies (Torrefuels, Airex

Energy, Allied Blower, and Diacarbon) in addition to many international players.

The importance of pre-treatment has already been well established for the biochemical
conversion of biomass as it is necessary for the efficient conversion of the material into
desired products (Lipinsky, 1985) and as such, pre-treatment for biochemical conversion is
still an active research field. The same understanding of the linkage between pre-treatment
and thermochemical conversion has never been achieved. The particle size, porosity,
surface area and anisotropy are all examples of particle properties that are affected by the

pre-treatment processes, they will have consequences on the thermochemical conversion.
2



Thermochemical conversion processes, fluidized bed gasifiers especially, are often praised
for their “fuel flexibility”. This is often misinterpreted to mean that the products from a
fluidized bed gasifier have no dependency on the physical and chemical characteristics of
the input biomass. This is not the case, the physical and chemical characteristics of biomass
will have an impact on the performance of fluidized bed gasification. An understanding of
how these pre-treatment processes affect the gasification performance is absolutely
necessary so that product gas yields meet design expectations, so that acceptable
conversion efficiency is achieved and so that the product gas composition meets end use

specifications.
1.2 Thesis Objectives

The evaluation of specific parameters, such as the effect of particle size or the effect of
moisture on the performance of the fluidized bed gasification, has been individually
completed in a few studies. The results of these studies are discussed in section 2.3. Despite
this, a holistic study which determines how multiple pre-treatment levels affect, or can
potentially be used to optimize a fluidized bed gasifier performance has never been
completed. This work is necessary in order to establish the limits of fuel flexibility, improve
gasifier designs to address specific fuel property driven issues, and build appropriate
business cases for biomass fuel beneficiation strategies such as pelletization and

torrefaction that respect its effect on thermochemical conversion processes.

The overall goal of this thesis is to experimentally determine the impact of different pre-

treatments for forestry residues on the performance of fluidized bed gasification.

The feed materials selected have been purposefully chosen to be reflective of low cost
residual biomass fuels that are available at single locations in substantial quantities. In the
thesis, the materials chosen were hog fuels and chipped wood products. The scale of the
systems utilized in this thesis ensures that fuels can be used in forms that are reflective of

the form that would be found at a pulp mill.
The specific objectives of this research were to study the following pre-treatments:

e Comminution level:



In order to understand the impact of comminution, forestry residues of different
particle size distribution were tested in a fluidized bed at the 1 - 2 MWy, (hereafter
called “large pilot-scale”) range with steam-oxygen and air as the gasification
medium. A single forestry residue was separated into different size fractions and
tested in an air-blown gasifier at the 50 - 100 kW, range (hereafter called “small-
pilot-scale”).

Drying:

In order to understand the impact of drying, a single forestry residue fuel was tested
at different moisture levels in a small pilot-scale gasifier.

Pelletization:

In order to understand the impact of pelletization, a single forestry residue fuel was
pelletized and the results were compared to the parent material in a small pilot-scale
gasifier.

Torrefaction:

In order to understand the impact of torrefaction, a single forestry residue was
torrefied at two levels (torrefaction and carbonization). The materials, including the

parent material, were then gasified in a small pilot-scale gasifier.

A wide variety of parameters will contribute to the overall desirability of a gasification

process. Some of these parameters will be more relevant for producer gas aimed at different

applications. For example, the yield of carbon monoxide and hydrogen will be very

important parameters for chemical synthesis whereas the heating value may be more

essential to study if the producer gas is to be used as a fuel. This work focused on the

following measures of gasifier performance:

Tar content of the producer gas
Carbon conversion of the feed material to gaseous product

Composition of major gaseous species such as CO, Hz, CO2, CHs, and other light

hydrocarbons



e C(Cold gas efficiency (Energy contained in the producer gas at room temperature

compared to the input energy to the gasifier)

There are other measures of gasifier performance which are important and will be
discussed where relevant but will not be given as much attention as aforementioned

measures.
1.3 Thesis Outline

e The second chapter of this thesis reviews the status of bioenergy, the issues with
biomass gasification, and reviews the literature pertinent to the effect of various pre-
treatment methods on the gasification of biomass in fluidized beds.

e The third chapter examines the results from air blown gasification of a forestry
residue that was sorted into different sizes, different moisture levels, and from which
pellets were made in order to ascertain the effect of physical pre-treatment on
gasifier performance. The chapter also provides a description of the small pilot-scale
experimental equipment used, procedures followed, data analysis techniques
utilized, and discusses operational observations with the small pilot-scale system.

e The fourth chapter examines how thermal pre-treatments (torrefaction) were
observed to affect results of the air-blown fluidized bed gasifier.

e The fifth chapter discusses the results from large pilot-scale steam-oxygen and air
blown gasification of various forestry residues. The results are examined to
determine how well the large pilot-scale results compare with the smaller scale
results, whether there are differences that can be attributed to different size
distributions of the fuels and whether or not the feed position in a fluidized bed
interacts with the effects of particle size.

e The sixth chapter reviews the data and synthesizes generalizations about the impact
of pre-treatments on the fluidized bed gasification of biomass. In addition, it

provides recommendations for future work.
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Chapter 2. Literature Review

This chapter highlights some of the issues with using biomass for energy and establishes
why biomass pre-treatment is so important for the development of processes to use
biomass for energy. The chapter reviews the process of biomass gasification from a
fundamental perspective but also includes a discussion of the practical limitations of
gasification platforms. The chapter describes the pre-treatment processes that were
evaluated in this thesis and summarizes the existing results in literature which investigated

the effect of a pre-treatment on the fluidized bed gasification of biomass.
2.1 Biomass for Energy

Biomass is any organic material which is produced on a renewable basis from living or
recently living organisms. Given the broad definition of biomass, a wide variety of fuels are
considered to be biomass, such as wood products & residues, agriculture products &
residues, waste water sludge, and algae. Using energy produced from biomass (“bioenergy”)

can have several advantages over energy produced from fossil sources.

Bioenergy is considered to be a carbon neutral energy source. As a carbon neutral energy
source, its usage has the ability to mitigate anthropogenic carbon dioxide emissions which
are a contributor to the phenomena of global warming. Bioenergy, given its vast geographic
distribution, can reduce dependency on imported energy sources. Increased usage of
bioenergy is also suggested as a measure to the revitalize rural communities by providing
jobs close to large biomass supplies. Most importantly, when harvested responsibly

biomass represents a sustainable energy source.

Biomass currently contributes approximately 50x1018 | /year (representing over 10% of the
total) to the world’s primary energy consumption (International Energy Agency, 2008). This
makes biomass the 4t largest contributor to the world’s primary energy consumption
behind only coal, oil, and natural gas. The majority of biomass currently used for energy is
used in traditional technologies for the purposes of heating and cooking, largely

concentrated in the undeveloped world (Bauen et al., 2009). It is widely recognized that



there is substantial room for the growth for the sustainable use of biomass as an energy

source (Berndes et al., 2003; Smeets et al., 2007).

There are many barriers to the increased use of biomass as an energy source in developed

nations:

e Biomass is widely dispersed, low energy density resource. Thus, biomass must be
harvested across large areas to collect significant volumes leading to costly
transportation and complex logistics (Richard, 2010).

e Biomass is a highly variable resource. Different species of biomass can have vastly
different attributes and require vastly different conversion technologies.

e Many types of biomass experience large annual variations in supply. This can
magnify storage issues related to biomass since large inventories need to be
maintained in order to provide a regular annual supply (Caputo et al., 2005).

e There are concerns about the potential competition for agricultural land between
bioenergy and food production.

e There is a lack of confidence and commercial demonstration of many biomass

conversion technologies.

One of the greatest barriers to increased usage of biomass is the cost of transport, storage,
and handling systems. Many strategies exist so that biomass can be densified and protected
against biodegradation which reduces transport, storage and handling costs. Upgrading
biomass to conventional fuels such as liquid hydrocarbons or synthetic natural gas can take
advantage of existing transport and storage infrastructure to deliver bioenergy to

consumers.

The combustion of biomass is the most common conversion technology for producing
energy from biomass and will likely continue to produce energy where space heating is
required, emission standards are lenient, and where conventional steam cycle power
generation is economically attractive (Stevens, 2001). For bioenergy to penetrate other
energy markets, such as where emission standards are stricter, distributed power
generation is preferred, or to enter the transport fuel market, other conversion technologies

are required in order to upgrade raw biomass into a more convenient, cleaner fuel.
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Currently, ethanol produced from the fermentation of agricultural crops (corn and
sugarcane) and biodiesel produced from oil seeds represent a large portion of the biofuels
production. Conventional fermentation and biodiesel production is limited to a narrow
range of feedstocks (corn, sugarcane, oilseeds, etc.). Other conversion routes are currently
being investigated which overcome some of these limitations. These include anaerobic

digestion, lignocellulosic fermentation, gasification, and pyrolysis.

Biomass gasification is one of the conversion routes of biomass to energy that is receiving
substantial attention. Biomass gasification has already seen some commercial application in
Combined Heat & Power (CHP) generation and shows promise for Integrated Gasification
Combined Cycle (IGCC), for the use in distributed generation technologies like fuel cells, and
the production of synthetic fuels (Bridgwater et al., 2002). Gasification significantly
increases the opportunities for using biomass as an energy source as compared to direct
combustion since the gasification product can be used for a much greater range of purposes

(Stevens, 2001) allowing much wider application.
2.2 Biomass Gasification

2.2.1 QOverview

Biomass gasification is the thermochemical conversion of biomass into a gaseous product
via the reaction of the biomass with a gasifying medium (such as air, oxygen, steam, or
carbon dioxide) at elevated temperatures (typically above 600°C and often much hotter).
The gaseous product is often called producer gas, or synthesis gas (syngas) which is a
mixture of a number of componentsl. The major gaseous components are Hz, CO, CO2, and
H20. Depending on the process, CH4 and other gaseous hydrocarbons can be present in the
producer gas. The objective of gasification will typically be to produce a gas which is rich in

CO and/or Ha.

1Some authors elect to distinguish between synthesis gas and producer gas (van der Drift and Boerrigter,
2006) such that synthesis gas refers to a gas that contains H, and CO exclusively as combustible components
(generally produced from gasification at >1200°C) whereas producer gas refers to combustible gas mixtures
from gasification which also contains hydrocarbons such as methane as combustible components in addition
to Hz and CO (generally produced from gasification at <1000°C).

9



After the evaporation of water moisture from biomass particles, the gasification of biomass
can be attributed to three processes: pyrolysis (or devolatilization) of biomass, subsequent
cracking and reforming of pyrolysis vapours, and conversion of solid char to gaseous

products.

As the temperature of the biomass particle increases, pyrolysis of the biomass begins to
take place. The temperature at which pyrolysis occurs varies with the composition of the
biomass. Typically, the first component to begin pyrolysis is hemicellulose which begins to
thermally decompose at below 200°C (Raveendran et al.,, 1996). In pyrolysis, the volatile
components of the biomass are released as a mixture of permanent gases (such as methane,
carbon dioxide, carbon monoxide, etc.), water vapour, and primary tars which leave behind
a solid char. During the devolatilization, fuel particles can be affected by either shrinkage or
swelling and potentially primary fragmentation as a consequence of the internal pressures
and thermal stresses created by the release of the volatiles (Gémez-Barea and Leckner,
2010). The primary tars can undergo further cracking or condensation reactions depending
on the conditions to yield secondary or tertiary tars, char or permanent gases. Evans and
Milne (1987) proposed a pyrolytic pathway from biomass to tertiary products which is

shown in Figure 2.1.
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Figure 2.1: Pyrolytic decomposition of biomass and its pathways (Reproduced from Evans

and Milne, 1987)

The char that is formed from the pyrolytic reaction is subsequently gasified via oxidation (if
oxygen is available) or by reaction with other gaseous species such as steam, carbon
dioxide, and hydrogen. The gaseous species which perform the gasification of the char are
important in determining the rate of char gasification. An approximate order of magnitude
relationship exists between the rates of char gasification, where the rate of oxidation of the
char is much faster than the steam gasification of char, which is faster than the rate of
carbon dioxide gasification of char, which is much faster than the hydrogasification of char

(Basu, 2010).
—Tc+o, » ~Tc+H,0 = ~Tc+co, > ~Tc+h, Eq.2.1

The result of this is that in an oxygen based gasifier, the oxygen will be rapidly consumed
owing to its high rate of reaction with the char (or available volatiles). This will create two
distinct zones: one near the injection of air or oxygen where molecular oxygen is available
and one for the rest of the gasifier where the oxygen concentration is close to zero. In

addition to the difference in char gasification rates due to the concentrations of gasifying
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species, the morphology and intrinsic reactivity of the char will depend on the biomass
species and the pyrolysis conditions such as pressure and heating rate (Cetin et al., 2004).
Thus, the pyrolysis conditions that formed the char are also important in determining the
rate of char conversion. Additionally, since the char gasification reactions are solid-gas
reactions, the physical characteristics of the char such as size, porosity, pore size, and others
will also determine the rate of char gasification. Char gasification is the rate limiting step of
biomass gasification and will determine many of the reactor parameters such as

throughput.

Homogenous reactions in the gas phase also adjust the gaseous compositions. If any oxygen
is available, it is assumed that oxidation reactions of combustible gas species will occur in
the gas phase in parallel competing with char oxidation reactions. At gasification
temperatures, many of the other gas species are reactive leading to alterations of the
gaseous product distributions. Some of the key reactions which play a role in the

gasification of biomass are summarized in Table 2.1.

Gasification occurs through a complex set of reactions, and can be very difficult to predict.
Although many important reactions have been omitted, Table 2.1 illustrates the importance
of equilibrium reactions in the gasification process which places thermodynamic limits on

the gaseous composition of the producer gas.
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Table 2.1: Homogeneous and heterogeneous reactions important for gasification
Reaction Name AHZ,,, (KJ]/mol)

Biomass — tars + char + gases Pyrolytic decomposition -

C+1/20, - CO Char oxidation -111
C+ 0, —» CO, Char oxidation -394
C+H,0=CO+H, Heterogeneous water-gas 131
equilibrium
C+ CO, = 2C0O Boudouard equilibrium 173
C+ 2H, = CH, Hydrogasification -75
equilibrium
CO + H,0 = CO, + H, Water-gas shift -41
CyHy +xCO, = 2xCO + %Hz Dry reforming Endothermic, 247 for

x=1,y=4 (methane)

CyHy + 2xH,0 = xCO + (x + %)Hz Steam reforming Endothermic, 206 for
x=1,y=4 (methane)

aat 273K, 1 bar

2.2.2 Contaminants in Producer Gas

The producer gas of gasification also contains substantial amounts of “contaminants”, of

which some of the major ones are:

e Particulate
e Tars

e Sulphur

e Nitrogen

e Chlorine

o Alkalis

e Hydrocarbon gases
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Particulate is present in producer gas due to entrainment of ash, char (incompletely gasified
carbon from the biomass), and attrition material from the gasifier bed. Significant quantities
of char in the particulate represent incomplete gasification of the feedstock and represent a
loss of carbon conversion efficiency. Particulate matter in gas streams can lead to plugging
of downstream equipment, as well as abrading turbines and engine components (Stevens,
2001). In addition, particulate emission levels can also be regulated, often requiring the

removal of particulate from producer gas directed at combustion applications.

Tars are formed to some degree in a gasification process. Tars are arguably the most critical
contaminant in producer gas from gasifiers operating below 1000°C. The cost of gas
cleaning systems needs to be substantially reduced in order for biomass gasification
technologies to be widely implemented. Tars are often defined as any organic component
produced from gasification which has a molecular weight greater than benzene (Stevens,
2001). Tars represent incomplete gasification of the biomass feedstock and hence result in
lowered carbon conversion efficiency to gases. Tars also cause severe operational issues in
downstream equipment due to plugging and fouling resulting in high maintenance
requirements and low reliability (EI-Rub et al., 2004). The range of tar concentration in the
producer gas is greatly affected by the gasifier design, the gasifying agent and the operating
conditions (Carpenter et al., 2010; Gil et al., 1999; Milne et al., 1998; Qin et al., 2010; van
Paasen and Kiel, 2004). For example, increased operating temperatures in the gasifier have

been well reported to substantially reduce tar content of producer gas.

Hydrocarbon gases such as methane, ethane, ethylene, and propane are not strictly a
contaminant. In some situations, such as when the producer gas is to be used in combustion
processes, hydrocarbon gases may be harmless or even beneficial (Stevens, 2001). If the
producer gas is to be directed at methane synthesis, high methane content producer gas can
actually lead to an overall boost in process efficiency because the loss caused by the
exothermic synthesis of CH4 from CO and H: is minimized (van der Meijden et al., 2010).
However, when the synthesis gas is directed at other synthesis routes, hydrocarbon gases
often go through the fuel synthesis unconverted and thus represent a loss of yield potential

from biomass to final product.
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Hydrogen sulphide, organic sulphur species, hydrogen chloride, ammonia, hydrogen
cyanide and many others are also very important contaminant in producer gas and will be
affected by many aspects of the gasification process including the feedstock characteristics.

However, this thesis will not address those contaminants in detail.

Being able to reliably produce a clean synthesis gas at low cost is the main obstacle to
biomass gasification processes that must be overcome before the technology can be widely

adopted (Maniatis, 2001).

2.2.3 End-use of Producer Gas

Producer gas, which consists of a large fraction of carbon monoxide and hydrogen, is very
useful as either a gaseous fuel or as a feedstock for the large scale synthesis of conventional
fuels and chemicals. Hence, producer gas from biomass gasification is normally directed at

one of two overall purposes:

1. A fuel for a combustion process or a fuel cell in order to produce electricity,
mechanical energy, or heat.
2. A feedstock for chemical synthesis in order to produce a value-added fuel or

chemical.

In order to satisfy these purposes, the producer gas often needs to be purified and
conditioned to an appropriate level. The synthesis gas purification operations can represent
higher capital investments than the gasification plant (Rauch, 2002). Thus, there is a large
interest in the investigation of producing producer gas from biomass which contains lower

contaminants levels.

For conversion to synthetic fuels or chemicals, the producer gas composition may need to
be adjusted to meet the stoichiometric requirements of the synthesis reaction. One of the
most important parameters is the ratio of Hz/CO. In order to adjust this parameter the

water-gas shift reaction may be used prior to a fuel synthesis reactor.

Some of the chemicals that can be manufactured from producer gas are methane (synthetic
natural gas), Fischer-Tropsch liquids, methanol, dimethyl ether, mixed alcohols, and

hydrogen (van der Drift and Boerrigter, 2006).
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2.2.4 Gasifier Designs

There are three main types of gasifier technologies which are shown in Figure 2.2: fixed

bed, fluidized bed, and entrained flow.

Fixed bed gasifiers, such as the downdraft, updraft, and crossdraft designs, are well suited
to small scale (up to approximately 10 MWreq) applications due to their simplicity.
Significant differences exist between design sub-types in terms of their tar production. For
example downdraft gasifiers generally produce low tar level gas (on the order of 1
gwar/Nm3), while updraft gasifiers are generally regarded to produce much higher tar
concentrations in the producer gas (on the order of 50 gtar/Nm3) (Milne et al., 1998). The
difference in the tar content of the producer gas between these two designs is attributed to
the differences in flow patterns between solid feed and gasifying medium. In the downdraft
design pyrolysis vapours are forced through a hot char oxidation zone leading to the
cracking of many tars, whereas in the updraft design pyrolysis vapours are carried out of

the gasifier without contacting the hot char oxidation zone.

Fluidized bed gasifiers, which are usually subdivided into bubbling and circulating types,
are generally preferred for mid- to large-scale applications because they are relatively
flexible in terms of fuel quality, minimize tar problems associated with updraft gasifiers,
and have more potential for scale-up than downdraft gasifiers (Bacon et al., 1985). Fluid bed
gasifier designs use an inert or catalytic bed media which is fluidized by the flow of a
gaseous medium. The result is a turbulent bed region that carries significant thermal inertia
and promotes very high heat transfer and mass transfer rates to the rapidly mixing solids.
High temperatures (>950°C) are normally avoided in these designs in order to avoid the ash
softening temperature of biomass which can cause agglomeration of bed materials causing
defluidization. These designs can handle a variety of biomass fuels but the producer gas
normally contains significant amounts of char, tar, and hydrocarbon gases due to their

operating temperatures.

Entrained flow gasifiers are the most complex design type relying on thorough biomass size
reduction and require pure oxygen to operate at very high temperature (>1200°C). Due to
their complexity they are generally only suited for the very large scale implementation

(>100 MWrteeq). Entrained flow gasifiers can produce a producer gas which is essentially free
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of tar and hydrocarbon gases since the temperature is high enough that the producer gas
approaches thermodynamic equilibrium. Due to the difficulties in size reduction of biomass
to meet entrained flow requirements, aggressive nature of biomass slag, and inherent
limitations to the quantities of biomass that can be delivered to a plant, it appears that in
the short-term, fluidized bed gasifiers will be the predominant design type for larger scale

operation (Higman and van der Burgt, 2008).

A number of reviews can be found which feature comparisons between different gasifier

designs (Bridgwater, 1995; Maniatis, 2001; Zhang et al., 2010; Zhang, 2010).
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Figure 2.2: Overview of the major gasifier designs

2.2.5 Gasification Medium

Air, oxygen, steam, or some mixture of those is normally used as the medium for the

gasification of biomass.

Air is the simplest option as a gasification medium since it is readily available. Using air for
gasification can be unsuitable for many processes since the producer gas will contain large
amounts of nitrogen which dilutes the producer gas. For gas cleaning operations and

synthesis reactions, the large volume of resulting gas can result in unacceptably large
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downstream processing equipment. The nitrogen content also dilutes the heating value of

the producer gas which reduces its value as a fuel gas.

In order to produce a nitrogen-free gas, pure oxygen can be used as a gasification medium.
Producing pure oxygen often comes at a significant cost both in terms of the energy
efficiency of the process and the economics of the process. Oxygen plants are expensive
installations which often rely on economy of scale benefits that are only realizable at the

very large scales (Mozaffarian et al., 2004).

Steam gasification produces a nitrogen-free, high hydrogen content gas. However, in steam
gasification, the absence of partial oxidation reactions means that the heat for the
endothermic gasification reactions needs to be provided by alternate means. This can be
accomplished by mixing in small amounts of air or oxygen into the steam in order to
provide heat through partial oxidation reactions (autothermal gasification). Depending on
the application, this can negate the advantages of using steam as a gasification medium.
Heat for the gasification reaction can also be provided indirectly via the use of solids
circulation or via the use of heat transfer surfaces. Hot solids circulation requires the use of
a closely coupled gasifier and combustor. Char and inert solids are circulated from the
gasifier to a combustor where the char is burned to heat the inert solids which are then
recirculated back to the gasifier. If heat transfer surfaces are used, a small portion of
producer gas combusted through heat exchange surfaces immersed in the gasifier bed. Heat
transfer can be a challenge in these designs, special designs such as pulse-enhanced heat

exchange systems need to be used to meet the heat transfer requirements.

For air and steam gasification there are normally two important quantities which are
introduced to describe the amount of gas