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Abstract

Gasification is an efficient way to produce energy from biomass, which has significant
positive impacts on the environment, domestic economy, national energy security, and the
society in general. In this study, a lab-scale updraft biomass gasifier was designed, built, and
instrumented for stable gasification using low-bulk density biomass. Related accessories, such as
a biomass feeder, inlet air temperature controller, air injection nozzle, and tar cracking system,
were also developed to enhance gasifier performance.

The effect of operation parameters on gasifier performance was studied. Two operational
parameters, including air flow rate and feed-air temperature, were studied on three sources of
biomass: prairie hay, sorghum biomass, and wood chips. Results showed that higher air flow rate
increased tar contents in syngas for all three types. It was also found that different biomasses
gave significantly different tar contents, in the order of wood chips>sorghum biomass>prairie
hay. Feed-air temperature did not have a significant effect on tar content in syngas except for
prairie hay, where higher feed air temperature reduced tar. A statistical model was implemented
to study differences on syngas composition. Results showed that different biomasses produced
syngas with different high heating value, e.g., wood chips > prairie hay > sorghum biomass. CO
composition also showed differences by feed air temperature and biomass, e.g. prairie hay>wood
chips>sorghum biomass, but H, did not show significant differences by either biomass type or
operating conditions.

Moreover, because of the downstream problems caused by tars in syngas such as tar
condensation in pipelines, blockage and machinery collapse, an in-situ tar cracking system was
developed to remove tars in syngas. The tar cracking device was built in the middle of the
gasifier’s combustion using gasification heat to drive the reactions. The in-situ system was
found to be very effective in tar removal and syngas enhancement. The highest tar removal of
95% was achieved at 0.3s residence time and 10% nickel loading. This condition also gave the
highest syngas HHV increment of 36% (7.33 MJ/m®). The effect of gas residence time and Ni
loading on tar removal and syngas composition was also studied. Gas residence of 0.2-0.3s and

Ni loading of 10% were found appropriate in this study.
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Chapter 1 - Introduction

1.1 Biomass Gasification — history and current status

Gasification is an efficient way to convert biomass into useful biofuels. This
thermochemical process has been used in the last three centuries for energy and chemical
generation applications. The first reported use of gasification was in 1792 when W. Murdoch, a
Scottish engineer, used syngas from coal for domestic lightning purposes. In the 19th century,
coal gasification became commercialized, illuminating several cities including New York City.
A significant number of gasifiers were used during this time (J. Rezaiyan, 2005). The use of the
biomass gasification process to produce energy began in 1930 (Knoef, 2005), in the course of the
WWII, when approximately one million gasifiers were used to generate syngas from wood to
power automobiles and to produce electricity. After the war period, the use of syngas to power
vehicles was discontinued due to the wide availability of oils. The interest in gasification came
up again in the 1970’s when arguments about the limitations of the oil reserve availability
compared with the demand were discussed (J. Rezaiyan, 2005).

Several gasification applications have been developed worldwide. Utilization of the
gasifiers for heating purposes has achieved commercial application. Per example, The Bioneer
heat gasifier in Finland is an updraft gasifier that supplies fuel to a boiler originally designed to
work with oil. This system can produce 5-10 MW. Gasification units have been tested for power
generation in internal combustion engines. A small-scale power plant with a downdraft gasifier
was developed in Martezo, France, which can generate from 70 to 450 kW and is mainly used
for electricity production. Likewise, a number of power plants with different designs and
capacities are operating in Germany, USA, Switzerland, and Denmark.

The implementation of biomass gasification promotes the use of wastes, residues,
improved forest land use, and agricultural and green industry development. It is important to
understand that gasification is not combustion. Gasification produces more valuable products
that can be used to produce chemicals, power fuel cells, and clean energy with lower emissions

of sulfur, NOy and particulates (Hasan, et al., 2010).



1.2 Feedstock — potential and sustainability

Biomass includes all living matter on earth such as algae, trees, crops and animal manure.
Solar energy is stored within the chemical bonds of organic materials. Their common elemental
composition can include hydrogen, oxygen, and nitrogen (Saxena, et al., 2009). In biomass
gasification, several feedstocks can be used to produce energy. They include natural crops,
municipal bio-based wastes, agricultural residues, and carbon based materials. Natural crops,
such as prairie hay, have a number of advantages because they don’t need to be fertilized or
irrigated. This fact makes it cheaper to produce syngas from natural crops. However, they have
the advantage to grow on their own during warmer seasons. Municipal bio-based wastes, such as
wood residues, are processed for other purposes including firewood and soil compost
applications. Riley County, Kansas produced an average of 8,586 tons/year of bio-solid residues
from 2005-2007 (Riley County, 2009). This waste can be effectively used to generate clean
energy from biomass gasification. The production of corn, sorghum, wheat, and other crops
produces agricultural residues that can be used for direct combustion and gasification. An
estimation of the total crop residues generated in the United States was reported in 2009 by the
National Renewable Laboratory, (Knoef, 2005). In the state of Kansas, estimated county-wide
production is up to 200 thousand-dry tons/year of agricultural residues in many counties. The
utilization of biomasses from raw materials that are byproducts of different processes and wastes
increases the feasibility of the gasification process. Clean energy can be produced at a lower

energy cost (Knoef, 2005).

1.3 Gasifier design and gasification process

Biomass gasification is the thermochemical conversion of natural matters into a useful
biofuel named syngas. This biofuel is the result of a partial oxidation of the biomass which
produces a mixture of hydrogen, oxygen, methane, carbon monoxide, carbon dioxide and light
hydrocarbons, which also contains undesirable byproducts such as aerosols, inorganic particles,
and condensable organic vapors (Colomba Di Blasi, 1999). Biomass gasification in the starting
point was used to produce heat and power though a variety of pathways; syngas can be used in
combined gas, steam cycles, gas turbines, fuel cells, Fischer-Tropsch Diesel process, and
chemical production applications. Gasification systems are divided by fixed bed, fluidized bed

and heating mode gasifiers (Hasan, et al., 2010) and can be classified according to the
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gasification agent and the type of reactor. Air, oxygen, and steam are usually used (Cheng,
2010). A fixed-bed gasifier is a reactor that uses a bed of solid biomass particles wherein a
gasification agent, flowing through from up, down or a side (Reed & Das, 1988). The most
common and simple designs of fixed-bed reactors are updraft, downdraft and crossdraft gasifiers
(Rajvanshi, 1986). Fixed bed reactors have a simple configuration and can operate with high
carbon conversion, long solid residence time, and low gas velocity (Reed & Das, 1988).
Fluidized bed gasifiers are composed of a moving bed where an inert material, such as sand, is
mixed with the biomass and placed in the reactor. The heat for endothermic reactions is provided
by the combustion zone’s heat. Some examples of a fluidized bed reactor include a bubbling
fluidized bed and a circulating fluidized bed reactor (Hasan Jameel, 2010). Heating mode
gasifiers utilize external heat to conduct gasification reactions; biomass is placed in a vessel, and
then simultaneous pyrolysis and gasification reactions are conducted. This study is focused on
fixed bed gasifiers because they are the most thermally efficient due to their auto-thermal
characteristic, simplicity (Knoef, 2005); solid residence time, low gas velocity, high carbon

conversion, and low ash carry over (Reed & Das, 1988).

1=
Syngas
Drying
Air

<&

Figure 1.1 Updraft gasifier, source: (Knoef, 2005)

The updraft gasifier is the simplest of the fixed bed gasifiers and low capital cost is

required (Figure 1.1). This gasifier can handle high moisture and inorganic content biomass
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(Hasan, et al., 2010). The biomass in this reactor is fed from the top and moves countercurrent to
the air that flows from bottom to top. The heat transfer between the syngas and the biomass helps
to cool the syngas before it exits (Knoef, 2005). The product gas from this process contains 10-
20% tar; this side effect is due to the fact that syngas emanating from the combustion zone
carries aromatic vapors from the biomass, produced in the pyrolysis zone. These gases exit the
gasifier without being decomposed (Sabgeeta Chopra, 2007). Tar removal methods are required
in order to use syngas from updraft gasification for industrial and power generation applications
(Lopamudra, et al., 2003), such as internal combustion engines, turbines, and fuel synthesis
(Hasan, et al., 2010).

The downdraft gasifier is also known as “Imbert” gasifier in honor of its inventor Jacques
Imbert, Figure 1.2. It was mass-produced during World War Il (Reed & Das, 1988). In this
reactor, biomass is fed from the top as in the updraft gasifier. In the same way, the gasification
agent flows down. The gasification zones in a downdraft gasifier are arranged as shown in Figure
1.2. The gasification agent nozzles are located one-third from the bottom. The injection of air or
air-steam mixtures keeps the combustion zone below the nozzles. The biomass and pyrolysis
products react in the combustion zone to produce syngas (Reed & Das, 1988). Thus, downdraft
gasifiers have a low tar generation, making it closer to be applicable on industrial applications
without a downstream tar cracking system (Knoef, 2005). In contrast, the high dust and ash
particle in the product gas requires an ash/tar cleanup. Others disadvantages of downdraft are
that biomass requires a low moisture content and syngas exits the reactor at high temperature
(700°C) (Hasan, et al., 2010) decreasing the reactor efficiency.



Drying

Air Air

> <

Reduction
=========9 Syngas

[ 1>

Figure 1.2 Downdraft gasifier, source: (Knoef, 2005)

Crossdraft gasifiers are simple; air flows at high velocity through a nozzle located on a
side of the gasifier Figure 1.3. Crossdraft gasifiers have very fast response times. High
temperature is reached in a small volume, thus low tar content can be achieved (Reed & Das,
1988). Temperatures close to 1500° C lead to a problem related to reactor materials (Knoef,
2005). It is shown in Figure 1.3 that in a crossdraft gasifier the gasification agent flows from one

side to the other. The product gas exits at high temperatures.

|

Dryin
- Reduction

Air Syngas

Figure 1.3 Crossdraft gasifier, source: (Knoef, 2005)
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1.3.2 Thermochemical reaction and Gasification Zones

The thermo-chemical conversion of biomass includes pyrolysis, gasification, and
combustion processes. In the implementation of thermal processes, all the biomass components,
such as cellulose and lignin, can react to produce useful biofuels. (Reed & Das, 1988). Biomass
gasification is the thermo-chemical decomposition of biomass with limited oxygen in order to
produce syngas. Four zones are identified in a biomass gasifier: Combustion zone, Reduction
zone, Pyrolysis zone, and Drying zone. These zones’ locations in the gasifier can vary depending
on the gasifier design. In each zone of the gasifier several reactions can take place; for instance,
the reduction zone is where gas-solid reactions and gas phase reactions occur (Hasan, et al.,
2010).

Gasifier Combustion zone

The biomass is partially combusted producing heat. This heterogeneous chemical
reaction requires no more than 25% of the oxygen needed for complete combustion (Hasan, et
al., 2010). Equations (1.1) and (1.2) present exothermic carbon-oxygen reactions happening in
the combustion zone. A partial oxidation produces CO, and CO instead of CO, and H,O, which
are byproducts of complete combustion. The heat released in this zone is used for the

endothermic reactions in the reduction and pyrolysis zones (Knoef, 2005).

k]

c 0 co 393.8— (1.1

+ 0, © 2 + mol (1.1)
1 kJ

Cc+-0, » CO +1231— (1.2)
2 mol

kj
C + H,O0 +118.5— H, + CO (1.3
2 mol < M (1.3)

Equation (1.3) shows the water-carbon reaction; where moisture in the air reacts with
carbon in the combustion zone in an endothermic reaction. This reaction produces H, and CO. In
order to increase H, the use of steam as gasification agent can be implemented. Gil, et al. (1999)

reported 38-56% H, produced using steam at reaction temperatures of 750-780°C. See Table 2.2

Gasifier Reduction zone



Several reduction reactions take place in the reduction zone of a gasifier; the most
common equations are water shift reaction (1.4), Boudouard reaction (1.5) and methanation
reaction (1.6) (Knoef, 2005).

kj
€O, + Hy +409——2 & CO + H,0 (14)

k
C +C0, + 1599— & 2C0 (1.5
mol

kJ
C +2H CH 87.5— (1.6
+2H, < 4 T ol (1.6)

The final Syngas composition depends on the amount of oxygen flow in the gasifier,
moisture of the feed biomass, the size of the feedstock, and reduction zone volume (Zainal, et al.,
2002). Residence time and reactor temperature can also affect the producer gas composition
(Hasan, et al., 2010). The heterogeneous endothermic reaction presented in Equations (1.4) and
(1.5) can increase CO and H, volume at high temperatures and low pressure (Knoef, 2005). In
contrast, the methanation reaction showed in Equation (1.6) is promoted by low temperatures
and high pressures (Hasan, et al., 2010).

Pyrolysis Zone

Pyrolysis is the use of heat (pyro) to break down carbon based materials (lysis) without
oxygen (Reed & Das, 1988). In the pyrolysis zone, biomass temperature rises and pyrolysis
reactions take place. Thermochemical decomposition of the biomass without oxygen occurs.
Hemicellulose, Cellulose and lignin are the components present in biomass; their decomposition
temperatures varies. For example, Hemicellulose decomposes from 225°C to 325°C, Cellulose
decomposition temperature varies from 300°C to 400°C; while lignin does at temperatures higher
than 500°C. Small particles in pyrolysis can react in less than a second; however, for bigger
particle sizes, it can take a longer time. Pyrolysis produces hydrogen, carbon monoxide, carbon
dioxide, methane, light hydrocarbons and high molecular weight hydrocarbons. Formation of tar
is promoted by high molecular hydrocarbons. Pyrolysis is a process that has not been totally
understood in biomass gasification because of the formation of complex products. (Hasan, et al.,
2010).



Drying zone

In the drying zone, no reaction occurs. In updraft gasifiers, the air/syngas flow is from bottom to
top; after syngas is produced, it flows from the pyrolysis zone at 160°C to the drying zone where
biomass placed (Hasan, et al., 2010). The high temperature syngas removes moisture from the
biomass solid particles. This drying process allows updraft gasifiers handle high moisture
content (Knoef, 2005). The drying process in a downdraft gasifier is quite different; in this
gasifier, the air/syngas flow is from top to bottom the same as the biomass. Radiation from the
combustion zone heats the drying zone removing moisture from the biomass (Hasan, et al.,
2010).

1.4 Challenges in biomass gasification

Gasification processes are known for their high efficiencies converting biomass into
biofuels (Mathieu & Dubuisson, 2002). However, biomass gasification is not a commercial
process for industrial applications because of heavy hydrocarbon formation (tars) that cause
condensation problems downstream and the use of different gasification operational parameters
and reactor requirements for different feedstocks (Di Blasi, et al., 1999). The gasification
parameters can affect syngas composition and tar generation.

Syngas from gasification processes must be cleaned in order to reduce impurities. Table
1.1 shows the most common syngas contaminants produced from biomass gasification. Tars are
a significant problem when syngas is used in gasification in industrial applications because most
of industrial applications require tar content lower than 0.6 g/Nm?® (Milne, et al., 1998). Tars are
condensable aromatics, heavier than Benzene. They can condense downstream, causing
problems such as clogging of equipment and deposits in pipe lines (Hasan, et al., 2010).
Generation of tar in a gasifier depends on different parameters, such as type of reactor
temperature, gasification agent, type of biomass, equivalent ratio, residence time, etc.
(Lopamudra, et al., 2003). The optimum gasifier operational parameter can increase gasification
efficiency. Yang (2006) studied the effects of using high temperature air in a fixed bed gasifier.
Results showed a positive effect on hydrogen and carbon monoxide molar fractions. In the same
way, Garcia (1999) studied the effect of gasification agent on biomass gasification. The study of
the operational parameters for several biomass types is needed in order to identify the effect of

operational parameters on gasification performance. Optimum operational parameters can
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increase the product’s gas composition and/or decrease the amount of tar generated in this
process. In order to decrease tar in syngas for industrial applications requirements, a downstream

tar cracking system is required.

Table 1.1 Common syngas contaminants in biomass gasification, Summarized (Hasan, et
al., 2010)

Contaminant Example Problems

Tar Oxygenated aromatics Deposits on pipes, clogging of
equipment, hinders removal of

particulates

Nitrogen compounds Ammonia, hydrogen cyanide, | Environmental emissions
NOy
Chlorine compounds Hydrogen chloride Environmental emissions,

corrosion, catalyst deactivation

1.5 Project Objectives

The objectives of this project are listed in this section as follows:

e To design, instrument and build a lab-scale updraft biomass gasifier and related
accessories for stable gasification.

e To understand the effect of biomass type (wood chips, prairie grass and sorghum
straw) and operating conditions (inlet air temperature and air flow rate) on the
performance of an updraft biomass gasifier.

e To design and test an in-chamber tar cracking system for in-situ tar cracking and

syngas reforming.
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Chapter 2 - Literature Review - biomass gasification optimization.

The fact that the gasification process has been studied extensively does not mean it is
very well understood. Biomass gasification is an efficient way to convert biomass into clean
energy (Mathieu & Dubuisson, 2002). However, the optimization of gasification processes is
needed in order to obtain a suitable gas product for industrial and power generation applications.
Biomass characteristics, gasifier operational parameters, and a downstream tar cracking system
are variables that need to be studied to increase gasification performance and efficiency.

Gasification performance depends on biomass characteristics because different biomasses
can produce different syngas high heating values, reaction temperatures, tar content, etc. (Di
Blasi, 1999). In the same way, gasification operational parameters can affect gasification
performance. Gasification agent flow rate, gasification agent type, temperature of the feed air,
reaction temperatures, and gasifier design are some examples of gasification parameters that can
be adjusted to improve gasification performance.

Tar formation is one of the most studied phenomena in gasification. Corella (2002)
modeled a tar elimination kinetic model of various tar species using a Nickel catalyst to explain
how tars are formed. Tars are organic components generated under thermal or partial oxidation
that have a molecular weight larger than benzene (Neef, et al., 1999). Ethylene, cyclopentadiene,
and naphthalene are some examples of condensable tar components. Tars present in the gas
product can cause condensation problems in downstream pipes and equipment. The average tar
content for industrial applications ranges from 60 to 600 mg/Nm? (Milne 1998). According to
Lopamudra (2003), tar removal methods can be classified into two types: primary methods and
secondary methods. Primary methods remove tar without a reforming reaction, tar disposal is
required. On the other hand, secondary methods are able to crack tars, increasing the heating
value of the gas product. Tar removal methods must be effective, inexpensive, and should
maintain or increase the product gas composition. Better tar removal results can be achieved by
implementing primary and secondary methods in the same process (Basu, 2010).

This chapter reviews previous work done on gasification operational parameters, tar
removal methods, and tar cracking-reforming methods for biomass gasification. A complete
description of operational parameter effects on biomass gasification, tar removal methods, and

several non-metallic and metallic based catalytic processes are addressed and presented.
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2.1 Biomass and gasification operational parameters

2.1.1 Biomass Characteristics

A parameter not well known in gasification is the feedstock type. A gasifier should be
able to use different feedstocks available in the surroundings areas (Herguido, et al., 1992).

Biomass feedstocks can exist in a multitude of types, but each species can be expected to
have particular issues. The ability to identify specific biomasses for a particular gasifier is very
important. The biomass chemical composition is similar for different biomass species. In
contrast, coal, which can be used in gasification as well, does not have a constant composition
for different species (Reed & Das, 1988).

Moisture content, ash content, heating value, bulk density, particle size and shape are
some parameters of the biomass that need to be identified in order to select the best feedstock.
Moisture content is the measure of water in the biomass, a value determine based on the weight
loss when a known weight of biomass is dried at temperatures higher than 100°C. The biomass
moisture content has a significant effect on biomass thermochemical conversion. Moisture
content can be presented on a wet basis (MC,y), dry basis (MCy), or dry ash-free basis (MCgas).
The basis should be included when the moisture content is reported. The increment of the
moisture content, from 0 to 40%, can decrease the biomass heating value to 66%.
Thermochemical processes need low moisture content in the biomass in order to get an overall
positive energy balance (Hasan, et al., 2010). A secondary treatment is needed to reduce the
moisture content. Desirable moisture content for gasification application is lower than 20%
(Rajvanshi, 1986). Ash is the mineral or inorganic content of the biomass left after complete
combustion. Ash content ranges from 0.1 to 15%, depending on the feedstock, and can cause
variation in the reactor design (Knoef, 2005). The thermochemical conversion of biomass with
high ash content can be difficult to apply (Hasan, et al., 2010) because it can promote ash
slagging in reactors (Reed & Das, 1988). Biomass elemental composition identifies the amount
of the biomass’s main components: carbon, hydrogen, oxygen, nitrogen and sulfur.
Hemicellulose, cellulose, lignin and extractive content can be used to determine biomass
elemental composition. CH; 40066 is the generic formula to describe biomass. It is important to
mention that biomass contains 30 to 40% oxygen, which decreases its heating value (Hasan, et

al., 2010). The generation of nitrogen and sulfur based emission in biomass gasification is small
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because of its low nitrogen and sulfur content (Knoef, 2005). Table 2.1 shows the C, H, O and

heating value of typical biomasses.

Table 2.1 Thermal Properties of Typical Biomass, source: (Reed & Das, 1988)

C H 0]
Composition (weight %) 52.3 4.3 41.7
Composition (mole %) 33.3 46.7 20.0
High Heating Value 20.9 kd/g (8990 Btu/lb)
Low Heating Value 20.4 kd/g (8770 Btu/lb)

The biomass heating value is the chemical available energy in a fuel per unit mass. This
energy represents the net enthalpy that emanates from the biomass after it reacts with oxygen
under exothermal conditions. If the water produced after the combustion of the biomass is in its
liquid form, the measure of the energy is called High Heating Value (HHV). On the other hand,
if the water is vapor, the energy is called Low Heating Value (LHV) (Hasan, et al., 2010).
Average values of 20.9 kJ/g (HHV) and 20.4 kJ/g (LHV) were reported in Table 2.1. Bulk
density is the weight of biomass per unit of volume. It depends on the biomass. Low bulk
density biomass can be expensive to transport, handle, and store (Knoef, 2005). Biomass should
be transported with the highest bulk density possible in order to decrease transportation costs
(Hasan, et al., 2010). Other important parameters of the biomass are the particle size and shape;
these parameters can help to determine whether or not an auto feeding system is needed instead
of gravity feeding. They also have a considerable effect on product distribution. Small biomass
particle size or shapes like straw can generate a higher syngas yield and less char than bigger
particle sizes (Herguido, et al., 1992).

2.1.2 Gasification Agent
The selection of the gasification agent is important because it will depend on the reactor

type. Different gasification agents can be used in the gasification processes; the most commonly
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used are air, oxygen, carbon dioxide, and steam. The gasification agent has a direct effect on the
process economy, for instance the use of air as a gasification agent is cheap because of the low
cost to supply air. On the other hand, the use of steam can lead an increment on cost because of
the heat needed for the gasification reaction, the cost to produce steam, and special pipe
protection to prevent condensation on the line. The gasification agent has an impact on product
distribution and product quality as well. There are four common gasification agents: air, steam,
CO,, and air/steam mixtures. The gasification agent can affect the generation of tar. Gil (1999)
carried out experiments to investigate the effect of the gasification agent on syngas composition;
air and steam/oxygen mixtures were evaluated under several operating conditions. Table 2.2
represents tar composition for different gasification agents and shows tar is more likely to be
formed when steam is used as the gasification agent. This table also shows the gasification agent

could increase or decrease syngas low heating value.

Table 2.2 Tar content and Syngas characteristics at different temperatures, Summarized
from, (Gil, et al., 1999)

Gasification €0 Gas Composition (dry basis) Yields
Agent H,(%) CO(%) Tar (g/kg) | Gas (Nm%/kg) | LHV (MJ/Nm®)
Air 780-830 5.0-16.3 9.9-22.4 3.7-61.9 1.25-2.45 3.7-8.4
02 — Steam 785-830 13.8-31.7 42.5-52.0 2.2-46 0.86-1.14 10.3-13.5
Steam 750-780 38-56 17-32 60-95 1.3-1.6 12.2-13.8
Air

Air is the most common gasification agent today (Herguido, et al., 1992). The amount of
air supplied to a system is measured by the equivalent ratio (ER), which is a comparison with the
air needed for complete combustion. The use of air or oxygen in gasification oxidizes the
biomass partially in an exothermic process that helps to drive the endothermic reaction in the
gasification process. However, the use of air can dilute the final syngas thus decreasing its
heating value (Mahishi & Goswami, 2007). Sugiyama (2005) reported that air at 1000°C can

achieve gasification results similar to those using low air stoichiometric ratio.

Oxygen
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Biomass gasification using oxygen as a gasification agent is similar to air gasification.
However, the production of syngas using oxygen as a gasification agent is a way to generate

nitrogen free syngas.

Air-steam mixtures

The addition of oxygen/air to the gasification medium composed of steam can generate
the heat necessary for gasification reactions. Therefore, the gasifier can work in an auto-thermal
condition (Lopamudra, et al., 2003). The use of air-steam gasification can produce a higher H;

yield compared with air gasification alone (Mahishi & Goswami, 2007).

Steam

Gasification using steam is an endothermic process thus special heating supply design is
needed in this process (Lopamudra, et al., 2003). Steam-gasification, which is an endothermic
process, can produce syngas with a low heating value of 12-13MJ/Nm?® (Herguido, et al., 1992).
It is known that the use of steam as a gasification agent can increase H, content and the heating
value of the producer gas. Steam gasification produces 30-80 g/m? tar, steam/oxygen mixtures 4-
30 g/m® and air gasification 2-20 g/m* making steam gasification the highest tar producer.
However, catalytic tar reforming can be used to destroy tar and increase the syngas heating value
(Gil, et al., 1999).

CO;

Carbon dioxide can be utilized as a gasification agent in biomass gasification. The
reaction of CO, and char is not completely understood (Ollero, et al., 2003). The thermochemical
reaction of CO, and carbon is a superficial heterogeneous reaction (Ergun, 1956). Carbon
reactions play an important role in several gasification reactions. See equations 1.4 and 1.5. The
use of CO, in gasification is promising because it is one of the gasification products. CO,
enhances tar reduction reaction in the presence of catalysts (e.g., Ni/Al) as well as increases H,

and CO composition (Lopamudra, et al., 2003).

2.1.3 Feed Air temperature
The increment of the feed air temperature can reduce tars produced in a gasifier as well as
soot and char residues. It can also increase the high heating value of the dry producer gas (Lucas,

15



et al., 2004). Mathieu (2002) modelled the effect of several gasification parameters in a gasifier;
the results showed that by increasing the feed air temperature from 25 to 300°C, the gasification
efficiency can increase from 76.6 to 79.5%. The data showed that the syngas high heating value
is improved. At 25°C, HHV of 5129 kJ/kg was reported increasing to 5402 kJ/kg when the feed
air temperature was 800°C. Lucas, et al. (2004) studied the effect of high-temperature air/steam
gasification, concluding that high temperatures maximize the syngas production and can reduce
syngas tar content. However, there is a critical point from where preheating has a negative effect
on gasification performance because it can cause decrement on gasification efficiency.

Sugiyama (2005) and Mathieu & Dubuisson (2002) analyzed gasification efficiencies
using high feed air temperature. Ponzio (2006) reported that the use of a high feed air
temperature promotes phenolic compounds, paraffines, olefins and alkylated aromatics to be
cracked in the gasification of paper fiber mixed with fabric fiber, wood chips, and plastics when
the feed air was heated up to 1200°C. The increment in the outgoing syngas temperature
indicated the cracking effect of the high feed air temperature. No tar was detected when the

syngas outgoing temperature was 800°C.

2.1.4 Reaction Temperature

Gasification temperature needs to be controlled in order to accomplish high biomass-
carbon conversion as well as a low tar content. Gasification temperatures must reach up to 800°
C. Inappropriate reaction temperatures can increase the quantity of tar generated, but this can
also impact the composition of tar. Phenol, cresol, and benzofuran are tar components formed at
temperatures below 800°C, however, benzene and naphthalene composition increase with the
temperature (Basu, 2010). The study of pyrolysis of birch wood, carried out by Yu (1997),
analyzed the impact of the temperature on tar formation in a free-fall reactor. Three temperatures
were selected, 700, 800 and 900°C with a residence time of 1.5s. Results showed that the
formation of syngas components increased as the tar content decreased. Kinoshita (1994) studied
the tar formation by applying different parameters in an indirectly-heated, fluidized bed gasifier.
He found that at low temperatures the formation of tar species, such as phenol, xylene and
toulene, increased similar to (Basu, 2010). In the same way, high reactor temperatures promoted

the formation of benzen, naphthelene, and phenanthrene.
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The reaction temperature affects syngas yield and also controls gasification energy input.
Syngas rich in H, and CO is produced at high reaction temperatures (800-850°C) that are the
typical temperatures for most of the real life gasifiers. Mashishi & Goswami (2007) and Hanping
(2008) reported that at reaction temperatures of up to 800°C, optimum gasification conditions are
reached and have a high syngas yield. This phenomenon can be due to the water shift reaction at

high temperatures and tar cracking reactions at this temperature.

2.1.5 Equivalent ratio (ER)

Equivalent ratio (ER) is the amount of air or oxygen used compared with the needed
amount for complete combustion (Knoef, 2005). According to Narvaez.(1996), the equivalent
ratio is one of the most important factors in air biomass gasification; the tar yield, bed
temperature, and syngas composition are defined by the ER. An equivalent ratio of zero
represents pyrolysis. An ER of one represents complete combustion. When ER increases (more
oxygen), H, and CO concentration decrease and CO; increases. This fact is due to H, and CO
oxidation reactions to H,O and CO,. An increment of the equivalent ratio higher than 0.15 does
not show a positive effect on the gasification biomass (Hanping, et al., 2008).

Narvaez (1996) reported that tar yield can decrease 50 wt% when the ER is adjusted from
0.2 to 0.45. However, other reserchers have reported the opposite statement (Houben, 2004).
Optimal ER needs to be selected in order to supply air for the gasifier’s exothermical reactions

without affecting syngas production (Mashishi & Goswami, 2007).

2.2 Tar formation
Biomass gasification is a multiple reaction process that combines pyrolysis and oxidation
reactions in liquid and gas phases. Biomass gasification produces tars that are condensable
components mainly aromatic hydrocarbons (Milne, et al., 1998). In the gasifier’s pyrolysis zone,
when the temperature varied from 200°C to 500 °C, which is a low temperature range,
hemicellulose, cellulose and lignin reacted producing primary tars (Basu, 2010). Elliot (1998)
presented a review of tar composition at different temperatures. In Figure 2.1 a schematic based

on GC/MS analysis of aromatic hydrocarbons temperature dependency is shown.
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Mixed Phenolic Alkyl Heterclyclic Larger
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400°C * 500°C ? 600°C 7 700°C ﬁ SOOOC? 900°C

Figure 2.1 Tar formation, temperature dependency scheme. Elliot (1988)

2.3 Primary methods
Lopamudra (2003) classified tar cracking methods in two stages, primary methods and secondary
methods. The primary methods are focused on preventing tar formation before syngas is
produced. The gasification’s operational parameters are controlled to reduce the amount of tar
generated during the gasification process as well as in a bed catalyst procedure. These methods
also consider the gasifier design. Corella (1999) tested the use of in-bed dolomite in a fluidized
bed to compare the effect of downstream catalyst utilization, concluding that the use of in-bed
dolomite produces similar results to that of dolomite downstream. The primary methods try to
simplify the entire gasification process by eliminating the downstream-tar cracking stage.
Gasification operational conditions, such as gasification temperature, gasification agent, air/fuel
ratio, and gasifier type, are factors that depend on the feedstock. The optimal operational
parameters can result in a decrement of tar content. The utilization of primary methods has not
been completely studied, therefore, it is not commercially used (Lopamudra, et al., 2003). A

complete description of operational parameters was presented in section 2.1.

2.3.1 In-bed catalyst

In-bed additives have a pronounced potential for tar removal application. Elimination of
the downstream tar removal can reduce the complexity of the gasification process. Catalytic
chemical reactions promote by in-bed catalyst can improve syngas composition, heating value
and reduce tar production. This catalyst utilization can decrease feedstock agglomeration.
Limestone was reported as one of the first in-bed catalysts. However, dolomite is the most
commonly investigated (Lopamudra, et al., 2003). The utilization of dolomite as a catalyst was
studied by Corella (1999); an experimental analysis of where to locate dolomite was presented

downstream and in-bed catalysts were investigated. Conclusions showed that there was no
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significant difference between in-bed dolomite and downstream dolomite for tar content and
syngas composition. Olivares (1997) concluded that 10 wt% of in-bed dolomite could improve
the gasification product’s gas composition. H,/CO ratio was reported from 0.6 to 1.5 and tar
content decreased from 12 to 2-3 g/m®

2.4 Secondary methods
Secondary tar removal methods can be described as methods that remove tar from the producer
gas (syngas) after gasification reactions. These methods can be listed as follows:
e Physical processes such as filtration, wet scrubbing, dry scrubbing, and hot gas
conditioning (Milne, et al., 1998).

e Thermic tar cracking and catalytic tar cracking methods.

The main disadvantage of physical methods is that they separate tars from syngas, no additional
reforming reaction occurs. The fact that tar products are generated and collected during the
process adds several disadvantages, such as the production of solid hazardous wastes materials
that need to be disposed of and the addition of a water treatment system (Milne, et al., 1998).
However, thermic and catalytic tar cracking reforming reactions produce H, and CO from tar
components. Equations (1) and (2) are examples of reforming reactions; C,Hy, represents tar

components (Hasan, et al., 2010).

m
Col +nHy0 > nCO + (n + ?) H, (1)

m
CyHy +1C0, — (20)CO + (5) H, (2)

Catalytic tar removal and reforming is a method widely used, it can be performed by different
catalyst at different temperatures. Catalysts are evaluated using different loadings, residence
times, and supported materials. The use of alkali metal catalyst has been studied in order to
improve the gasification reactions; however, no improvement of biomass conversion has been
presented. Likewise, several other materials have been tested in downstream catalyst; dolomite,
olivine, supported metal catalyst and carbon supported catalyst. (Xu, et al., 2010)

Dolomite (CaMg(COs),) was used by Corella (1999); the effect of dolomite was evaluated in-
bed and downstream. The results of downstream treatment presented that dolomite can increase
H,and CO, composition in the product gas as well as decrease tar content. Olivine (magnesium

aluminosilicate), Michel (2011) reported the use of this catalyst in a fluidized bed gasifier;
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experiments were carried out to investigate catalyst activity on syngas and tar content. It was
found that the reforming activity of olivine can increase the yield of producer gas, up to 40% H,
and 24% CO; effective removal of tar was achieved. However, formation of poly-molecular
aromatic hydrocarbons increased at high temperatures. Huang (2011) performed tar
hydrocracking experiments in an updraft gasifier using palladium catalyst supported by stainless
steel turning wastes. Different catalytic reaction temperatures and flows were studied. It was
seen that tar concentration decreased as the temperature increased. Conversion efficiency of
98.6% and 99.3% were accomplished at 700°C. Tar content of 29 mg/Nm?® was reported. Table

2.2 presents conversion of different tar components at different temperatures as well as H,/CO

composition of the final gas product.

Table 2.3 Catalytic tar conversion using different catalyst and tar model components.

Tar model Conversion H,/CO
T(°C) . Reference
Component (%) Composition
Thermal (Brandt &
) 1290 Heavy tar n/a 26.3/22.3 )
cracking Henriksen, 2000)
Ni/dolomite 700 Naphthalene 94.8 50.1/32.5 (Wang, et al., 2005)
) ) (Srinakruang, et al.,
Ni/dolomite 730 Toluene 99.3 69.1/9.6
2005)
Ni/olivine 800 Benzene 99.5-98.7 n/a (Yang, et al., 2010)
Ni/olivine 830 Benzene 71 61.61/28.54 | (Zhang, et al., 2007)
. (Engelen, et al.,
Ni/AL,O;3 900 Benzene 95 n/a
2003)
. (Wang, et al., 2010
Ni/y-Al,O3 800 Benzene 99.5 51.78/21.10 )
Ni/CeO,
(0.75) 700 Benzene 87.2 69/4.5 (Park, et al., 2010)
ZrO, (0.25)
Ni/char 800 n/a 99 34.33/32 (Wang, et al., 2011)
Ni/HTC-char 800 benzene 99 51.90/18.36 | (Wang, et al., 2010)

n/a — Not available
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2.4.1 Physical methods

Physical methods to remove tar from syngas have been found to be effective. The use of
scrubbing towers can condense heavy tars; the fact that a portion of tar remained in syngas adds
the use of venturi scrubbers. It was reported that tar concentration after a water scrubber can be
as low as 10 ppm (Milne, et al., 1998).

Filtration, it is a physical method that removed tar from syngas in gasification. Granular
filters are used in cold and hot tar removal. The downstream bed is composed by silica or
alumina sand. The bed is preheated to 500°C. Static bed can be used; however the use of moving
the bed can increase tar removal. The use of hot tar filtration was developed for coal gasification.
In cold granular filtration, organic compounds similar than in the hot tar filtration are used. On
the other hand, organic compounds such as sawdust can be mixed with silica sand or other
inorganic compounds presenting effective syngas cleanup (Milne, et al., 1998). Values up to
80% and 90% removal were reported by Hasler (1997).

2.4.2Thermal cracking of tar

The use of high temperatures can reduce poly-molecular aromatics to light gases such as
COg,, H; and CO. These gases are some of the products of tar destruction, tar cracking reactions
are driven by gasification stoichiometry (Milne, et al., 1998). It was reported in Han & Kim
(2008) that effective tar decomposition can be achieved with tar thermal cracking; however,
appropiated residence time and direct interaction between the hot surface and the product gas has
to be accomplished. In Brandt & Henriksen (2000), thermal tar cracking procedures were
analyzed. A pure Al,O3reactor was built to perform the experiments. Three temperatures were
studied, 1200°C, 1250°C and 1290°C and residence time of 0.5 s. It was reported that tar remal
was succesfully achieved at 1290°C; tar content of 12 mg/Nm?® was reported. H, and CO
composition of 26.3% and 22.3% were reported after cracking process. This data shows that the
use of high temperature to crack tar can be effectively implemented. The production of low-tar

gas applicable for industrial applicatioms can be performed.
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2.4.3 Catalytic cracking of tar

Nickel based catalyst

Ni-based catalysts are one of the most studied catalysts for tar cracking and reforming
applications. Several types of Ni-based catalyst have been developed and the results have shown
that Ni-based catalyst can be effectively used to crack tars and reform syngas in biomass
gasification. Updraft gasifiers, downdraft gasifiers, fluidized bed reactors, entrained flow
reactors are some examples of gasification units that have been used to produce syngas in order

to improve its quality. In this section, several catalysts are presented

Dolomite and Olivine Ni-based Catalyst

A novel Nickel/dolomite catalyst was tested by Wang (2005) for steam reforming of
biomass. This natural catalyst promises to be a cheap way to clean producer gas from biomass
gasification. Natural dolomite from a Chinese mine was used; commercial catalyst was analyzed
to compare the effect of the natural dolomite. This novel catalyst was characterized by elemental
analysis in a Thermo ISIR. A quartz (8.0 mm i.d) bench reactor, and a tar sampler composed by
five impinge flasks were used. Temperatures from 650C to 850°C were studied. Ni/dolomite tar
conversion was compared with other commercial catalyst; the results presented conversion
values of 87 and 98%, respectively. It is important to say that conversion of tar usually adjusts
gas composition because some of the products’ gases from tar conversion are H, and CO;
therefore, a higher syngas quality was produced.

Wang (2005) also studied the performance of a Ni/dolomite catalyst using naphthalene as
tar model component in a quartz reactor. The results presented 94.8% naphthalne conversion
after a hour at 700°C and 0.81h™ space velocity. After 20 hr tar cracking activity decreased to
57.4% under the same conditions. Srinakruang (2005) used Ni/dolomite catlyst to test
gasification efficiency with steam. The use of toulene as model component was evaluated. The
results reported Ni/dolomite catalyst calicnated at 500°C exhibeted the best performnace when at
730°C conversion of 99.3% was achieved.

Yang (2010) evaluated the activity of modified olivine (MO) as a support for nickel in
steam reforming of biomass gasification tar. Benzene was used as tar model component in this
study. Modified olivine was treated with calcium cement to increase its porosity and surface

area. Nickel was impregnated and calcined at 800°C, 900°C and 1000° C. The experiments were
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carried out in a quartz reactor at 800°C. The catalytic effect of the Ni/Mo catalyst was evaluated
based on the final carbon molar fraction of benzene. Ni/MO treated at 800° C and 900° C showed
benzene conversion levels of 66.3% and 64.4% after 2 hr; however, Ni/Mo calcined at 1000°C
presented lower benzene conversion. Furthemore, Ni/Mo was compared with Ni/catalyst; after 5
hr. carbon conversion 99.5% and 98.7%. Zhang (2007) evaluated the use of the Ni/olivine
catalyst in a bench scale reactor at 700°C and 830° C using benzene as a tar model component.
Tar conversion of 71% was achieved. H, and CO concentration of 61.61% and 28.54% were
reported when 6 wt% Ni/olivine was used.

Alumina and Metal oxide Ni-based Catalyst

The use of the Al,O3; supported catalyst has been studied by several reserachers. The
catalytic effect of Nickel catalyst in a Al,O3candle filter was evaluated by Engelen (2003). The
system was capable to remove 95% tars when H,S was 200 ppm at 900°C. In a commercial full
size alumina candle filter of 1 m long and 0.3 m diameter and 0.1 m thick, the catalytic effect of
nickel on benzene and naphthalene in syngas was studied, presenting similar tar conversion
results. Benzene in Syngas was totally converted into a mixture of CO, CO,, and H, when the
H,S concentration was 0 ppm. Tars such as Naphthalene are gasification by-products that need to
be removed before syngas is used in industrial applications.
Wang (2010,(1)) also studied the use of the Ni alunima catlayst; the selection of the adequate
parameters to perform tar cracking in the biomass gasification process was performed. Catalytic
temperature, gas residence time, and nickel loading were evaluated. Syngas production from a
downdraft gasifier and an updraft gasifier with air as a gasification agent was analyzed. Nickel
based catalysts presented effective tar cracking activity. Benzene was used as a tar model
component to determine the effect of Ni/y-Al,O3 on tar cracking in a quartz reactor with
temperatures from 700 to 900°C. Two stages were evaluated to determine the optimum
operational parameters. In the first stage, a known flow of benzene was used to evaluate the tar
cracking activity of Ni/y-Al,Os. In the second, syngas from a downdraft and an updraft gasifier
was provided to test the cracking effect of the catalyst. Results showed that 15% Ni loading and
0.3s residence time performed the highest conversion rate with benzene. The two gasification
systems were evaluated using these conditions. The results showed that the use of a Ni/y-Al,O3

catalyst can increment H, content up to 56% in syngas from the updraft gasifier and 159% in the
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downdraft gasifier. Furthermore, tar content decreased 99.5% in the downdraft gasifier and 98%
in the updraft (Wang, et al., 2010 (1)).

Park, et al.(2010) evaluated the effect of several Nickel metal supported catalysts. A
comparison of various Nickel based catalysts and Ni/y-Al,O3 catalyst was carried out. The
reaction times of Ni-precursor and Ni loading were evaluated. Benzene was used as tar model
component. The best benzene conversion was performed by Ni/CeO,(75%)—ZrO,(25%) catalyst,
87.2%. Analysis results also showed that this catalyst has the highest activity in steam reforming
benzene. Catalytic activity is compared with Ni/ Y-Al,O3 that also performed high benzene
conversion of 82.5%. The nickel loading effect in benzene conversion was also studied; when
Ce0, and ZrO; have a Nickel impregnation from 5 to 15%, data reported that conversion rate
changes from 42% to 87%, respectively.

Kimura (2006) and Zhang (2007) investigated metal oxide tar cracking activity. Different
catalyst preparations were tested under different parameters. In Kimuras® (2006), the
effectiveness of Ni based catalysts (Ni/CeO,/Al,O3) was performed; catalyst preparation was
performed by two methods: co-impregnation and progressive impregnation. First, the co-
impregnation of Al,O; was performed by an aqueous solution of Ni(NOs), 6(H,0) and
Ce(NH4)2(NO3)s. Second, the progressive impregnation was driven by a similar impregnation
from the stage explained before, however, the impregnation was done at different temperature
ranges in sequential steps. Nickel loading varied from 4 to 10 wt% and CeO; from 10 to 50wt%.
Tar and solid materials in syngas were condensed in a cold water condenser. Experiments were
carried out on a lab-scale dual-bed reactor. Dependency on the catalyst type (Ni/CeO,/Al,O3)
was found at 873°K. The product gas from experiments without a catalyst showed lower CO and
H, concentration, and a high tar content. This contrasts with the 4 wt% Ni catalyst that decreased
tar content and increased CO and H, concentrations. The use of CeO; has a catalytic effect on
syngas. Results showed that the CeO, co-impregnated catalyst had a better performance than the
progressive impregnated catalyst. Coke formation and tar content decreased significantly after
Ce0O, was added. In the comparison between Ni/CeO, and Ni/Al,O3 loading demonstrated that
CeO, species can perform better reducibility than Al,Os;. The interaction of Ni and CeO2
presented on the co-impregnated catalyst can be an effective method for tar cracking and
reforming on biomass steam gasification (Kimura, et al., 2006). Similar experiments were
performed by Zhang (2007) in which Ni/olivine doped with CeO, was tested. Two impregnation
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techniques were used to prepare the catalyst, NiO (3.0%) and CeO, (1%) in olivine were the
catalyst proportions selected. Parallel, other Ni/olivine catalyst were studied. In this work, a
mixture of N, and H; was injected in the reactor after equilibrium was reached (830°C). Bezene
(or toulene) and steam were injected in the rector. The steam reforming of benzene and toulene
reported a conversion of benzene with Ni/olivine of 70.4% with values of 62.5% H, and 26.54%
CO; at 830°C. The benzene conversion of Ni/olivine doped with CeO, exhibited a better
response than those composed just by Ni/olivine.

Carbon supported Ni-based Catalysts

The use of carbon as support for a Nickel based catalyst was implemented by Wang (
2010). The hydrothermal conversion of char (HTC) to support Nickel catalytic was studied.
Residence time, reaction temperatures, nickel loading and tar removal were evaluated. Benzene
was used as a tar model component. A mechanical mixing was used to prepare the Ni-char
catalyst. Nickel and char ratios from 5% to 20 % were investigated. Char particle sizes ranged
from 1.4 to 2.0 mm. Ni loading of 3% and 6% were performed with a single step process; a two-
step process was used to impregnate the catalyst with Ni loading higher than 6%. The experiment
was completed by a four step process: Benzene unit supplier (tar generator), gasifier (downdraft
gasifier), tar cracking unit (quartz reactor), and a tar sampler. The results showed that Ni-char
catalyst and Ni/y-Al,O3 have similar results when they are used in tar removal and catalytic
reforming applications. Nickel loadings presented optimum performance at 15%; the same value
was reported from previous experiments with Ni/y-Al,O3; (Wang, et al., 2010 (1)). At this point
it could be observed that Ni/y-Al,O3 presented a small difference compared with Ni-char
catalyst. The effect of the residence time was also evaluated. The data reported that for a
residence time higher than 0.3s, 28% of tar was removed. However, the catalytic reforming was
estimated in order to investigate the catalyst effect on syngas. Up to 99% of tar was converted by
using Ni/y/-Al,O3 and Ni-char catalyst. Syngas composition without catalyst ranged between 19-
20% H, and 14-16%. Moreover, after reaction, syngas composition increased to 51.90% Ho,
18.36% CO (Ni-char) and 51.78% H,, 21.10% CO (Ni/y-Al,O3). Furthermore, tar decreased
down to 0.01 g/m® in both cases.

In a recent publication, Wang (2011) investigated the use of char as support material. The

use of char and wood as catalysts was tested. Four catalysts were considered: wood char, coal
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char, Ni/wood char and Ni/char. Ni oxide was used as nickel provider. The char particle size was
ranged from 0.3 to 0.45 mm. Mechanical mixing was used to prepare Ni/woodchar and Ni/char
catalyst. Syngas from an updraft biomass gasifier was used to test the Ni/char catalyst. System
setup was the same as presented in (Wang, et al., 2010 (1)). The reforming temperature was
evaluated from 650°C to 850°C. In this stage, the other parameters were set as follows: 0.3s
residence time, 15% nickel loading. The results presented tar removal improvement as the
temperature rises. Similar results were reported for Ni/char and Ni/woodchar catalysts. However,
Ni/char catalyst tar removal ranged 91% -99% and Ni/woodchar from 86%-96%. The use of char
as a catalyst decreased tar content from 75% to 90%. Syngas char and coal alone didn’t show
reforming activity. In contrast, the use of a Ni based catalyst presented effective syngas
reforming. Nickel loading was also studied at 0.3s residence time and 800° C. Ni/char catalysts
had better results than Ni/woodchar catalysts. H, reforming concentrations of 32.53%
(Ni/woodchar) and 34.33% (Ni/char) were reported when nickel loadings varied from 0 to 20%.
The residence time was also evaluated from 0.1 to 1.2s; 15%. Higher residence time and higher
nickel loading is needed in order to present similar results. No Catalytic deactivation was found
after 8 hr. of continuous operation for both Ni based catalysts. (Wang, et al., 2011)

2.4 Summary

In this review, the operational condition effect on biomass gasification and tar removal
methods was discussed. The physical and chemical characteristics of the biomass can affect
gasification performance and a previous study of the feedstock selected has to be done.
Gasification operational parameters can also affect gasification performance; optimal conditions
and gasifier type selection needs to be performed in order to increase syngas quality and tar
minimization. Several operational parameters were presented, such as reaction temperature, feed-
air temperature variation, and equivalent ratio (air flow).

Details of primary methods were listed. Primary methods prevent tar formation by
modifying the reactor operational parameter or by adding in-bed catalysts in order to decrease tar
formation. Several studies presented operational parameters such as reactor temperature and
gasification. Effective tar removal was achieved, however, syngas reforming activity was
limited. Secondary methods for tar cracking and reforming application were studied. Different

support materials for Ni-based catalysts were presented as well as thermal cracking of tar and
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physical tar removal. Alkali metals catalyst, alumina, metal oxide, and char were presented as
common materials used in biomass gasification for downstream catalytic reactions. The use of
Ni/y-Al,0s, Ni/char (hydrothermally treated) yielded the best results. Effective tar cracking and
removal were performed. H, content was increased up to 156% in syngas from a downdraft
gasifier. The use of secondary methods to reform syngas can increase H, and CO composition
and convert tars efficiently when the appropriate operational parameters and catalysts are
selected.
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Chapter 3 - Gasification System Design

3.1 Introduction
Global warming and air pollution are some examples of environmental problems that we need to
overcome in this century. The need to develop biofuels with energetic efficiency close to
petroleum based fuels is a current need. Biomass gasification is a process which can generate
syngas, a gas fuel with an average Low Heating Value of 5.0 -6.0 MJ/Nm? in updraft gasifiers
(Knoef, 2005). Updraft gasifiers have a higher thermal efficiency when they are compared with
downdraft gasifiers (Di Blasi, et al., 1999). A biomass updraft gasifier produces high quantities
of tar and pyrolysis gases. In this gasifier, the pyrolysis products do not flow within the
combustion zone. The production of aromatic components such as benzene, naphthalene, and
toluene make the use of syngas for industrial application unsuitable. However, tar is not a major
problem for direct heating applications. Tar removal methods are necessary for industrial and
power applications (Knoef, 2005). The use of primary and secondary methods for tar removal
application was presented in Chapter 2. In this section, the setup of a gasifier to test different
operational parameters of an updraft biomass gasifier will be presented. In addition, the design
and construction of a modified updraft biomass gasifier equipped with a tar cracking system and

automatic feeder will also be presented.

3.2Gasification Unit
The gasification unit is an updraft biomass gasifier composed by an air injector, heater, reactor,
condenser and burner (Figure 3.1, 3.2). A centrifugal blower is used to supply air to the gasifier.
In the pipe line, an electric heater is used to preheat the air flowing into the gasifier. The reactor
is a packed-bed updraft biomass gasifier. Air is injected from the bottom within a nozzle. The
gasifier pressure is kept at atmospheric pressure with a water seal. Thermocouples measure the
combustion, reaction, pyrolysis and drying zones’ temperatures. After the gas is produced, it
flows from the reactor to a room-temperature condenser, which is a steel tank that condenses
water and heavy tars. A 190.5mm diameter gas burner is located on top of the water/tar

condenser. It is used to burn syngas after it emanates from the gasifier.
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Figure 3.2 Biomass updraft gasifier diagram

32



3.2.1 Air injection
The air blower is a 5.96 watt, centrifugal blower model 1C180 (Dayton electric). It generates a
maximum air flow 8.5 Ipm at 124.42 Pa of pressure. The blower air flow is controlled by

reducing the aperture of the blower-air suction in order to keep the static pressure high.

3.2.2 Air Heating System
An electrical heater was used to preheat the feed air before injected in the gasifier. The electrical-
resistive heater used was an Omega AHF-06120 (Omega Engineering, Stamford, CT) with a
nominal voltage 120 V, 1000 Watts, 5663 Ipm (max.) (Figure 3.3). Adjusting the heater voltage
manually controlled this electrical heater. A rheostat, model SC-5M (Variac, Maumee, OH); with
an output of 500VA, 0-130V AC was used to control the set-point temperature of the feed air.
When manual operation was performed, no stable temperature was achieved. An automatic
control was needed to keep a stable feed-air temperature. The development of an automatic air-
heating system was carried out. A PID (Proportional Integral Derivative) computer controlled
system was designed. The system is composed of LabVIEW control code, which includes a PID
controller. A solid state relay controlled the electrical power supplied to the heater and an

independent temperature measurement system was used as feedback. Section 3.3.1 presents

!

Figure 3.3 Electrical Heater, Omega Engineering.

details of this measurement system.
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In order to achieve a stable temperature, the selection of the adequate proportional, integral, and
derivative values is required. PID controllers are the most used feedback controllers. They work
using a closed-loop system and calculate the error based on the differences between the set point
and a measured value. Equation (3.1) shows the equation of a PID algorithm.

u(t) = Kpe(t) + K; [, e(t)dt + Ky +-e(t) (3.1)

Where,

Kp: proportional gain, tuning parameter;
Ki: integral gain, tuning parameter;

Kd: Derivative gain, tuning parameter;
e: error;

t: time/instantaneous time.

This system uses the inlet-air temperature measured by the temperature-data acquisition system
and compares it with the input signal (set-point temperature). The PID output is a variable duty
cycle at a constant frequency. A NI-USB-6008 multifunction data acquisition which produces a
0-5 Volts digital signal is connected to the relay; the digital signal controls the heater’s power.
The feed air temperature changes by the amount of heat generated in the heater. The feed-air
temperature control loop takes the temperature of the feed-air with a thermocouple, and then this
value is fed in the LabVIEW code and compared with the set-point temperature. Therefore, the
heater power can decrease or increase depending on the feed air temperature. Figure 3.4 shows

how the feed-air temperature changes when the set-point temperature is changed.
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3.3 Data Acquisition

3.3.1 Temperature measurement system
A temperature measurement system built by Ming (2007) was used to measure the chamber’s
temperatures in different zones of the gasifier. This system is composed by Chromel-Alumel
type K thermocouples (Omega Engineering, Stamford, CT). These thermocouples can measure
temperatures from -200° C to 1200° C. The system was equipped of AD595 and TS921 integrated
circuits that can measure temperatures from thermocouples in different zones of the gasifier.
ADA595 is a thermocouple conditioner integrated with an instrumentation amplifier, cold junction
compensation, and TS921, which is an operational amplifier used to reduce noise and distortion.
A NI-USB-6008 multifunction data acquisition unit in communication with control software
(National Instruments LabVIEW 2009) was used as an interface to read and record gasification
temperatures in a computer (Hu, 2007). In Figure 3.5, the temperature profiles for sorghum straw
gasification are shown. The feed air, combustion zone, reduction zone, pyrolysis zone, and
drying zone temperatures are presented. These temperatures in different zones of the updraft

biomass gasifier were measured with the data acquisition system described in this section.
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3.3.2 Pressure differential flow meter
The ASME standard of measuring gas flow with differential pressure was used. A pressure
differential transducer (Omega Engineering, Stamford, CT) was used to measure the pressure
variation between two points. A nozzle (1 inch i.d.) in a 2 inch PVC pipe was used. NI-USB-
6008 multifunction data acquisition unit measured and recorded the differential pressure using
LabVIEW software. Figure 3.6 shows the nozzle connection, pressure transducer, and the data
acquisition unit. This system was similar to the system used by Hu (2007) to measure syngas and
air flow in a biomass downdraft gasifier. However, a lower-range pressure trasducer was used (0-
0.25 inch H,0) considering that low differential pressure was measured. The fact that air and
syngas have a similar density due to its high nitrogen content allows both flows to be measured
with the same unit, however, syngas flow needs to be corrected because of temperature changes.
Parameters selected in a previous study (Hu, 2007) were selected to measure syngas and air flow
from the updraft gasifiers in accordance with ASME standards. The metodology used is based on
the measurement of fluid flow in pipes using orifice, Nozzle & venturi, MFC-3M — 2004

standard. Calcualtion details are presented in Appendix C.
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Figure 3.6 Pressure differential flow meter

3.4 Tar trapping system
A cold trapping system was used to measure tar content in syngas. A similar cold trapping was
used for Wang, et al., (2010 (1)) to measure the amount of tar generated from an updraft biomass
gasifier. This system was composed of four 300-mL Erlenmeyer flasks series connected with
3/16” pipes under commercial dry ice. A vacuum pump was used to flow syngas constant within

the system; paper filter was used to remover tar and light particles.
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Figure 3.7 Tar trapping system, four 300-mL Erlenmeyer flasks series connected with a
vacuum pump and a gas flow meter.
Direct tar sampling from the gasifier’s chamber can condense water and tar in syngas. However,
the low temperature provided by dry ice froze the syngas moisture in the pipe lines. A different
system was developed to effectively condense tar in syngas gas. The system consisted of a first
stage where a 300 mL flask under water-ice condenses water and heavy tar components followed
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by three 300 mL flasks connected, and placed under dry ice, Figure 3.7. Tar content was
calculated based on syngas flow and tar sampling time. This configuration allows the effective
measure of condensable tar components using a modified cold trapping method. Tars in the
flasks were dried for 24 hours in an oven at 105°C; after drying, samples were weighed.

3.5 Modified Updraft Gasifier equipped with a tar cracking unit
An updraft biomass gasifier was modified. It was equipped with a catalytic tar cracking system
and an automatic feeder. This reactor can be used for small-scale applications. A diagram of the
gasifier is presented in Figure 3.8. The gasifier is composed of an air camera located in the
bottom, where an air injection plate was installed. The gas flows throughout the gasifier zone,
where exothermic and endothermic reactions take place (Hasan, et al., 2010). After syngas is
generated, this gas is conducted to a vertical and a horizontal steel pipeline that composed the
catalytic tar cracking system. Gas excess before the cracking unit was directed to the gas burner.
The air/gas flow in the gasifier is provided in two ways: by an electric blower connected in the
bottom of the gasifier or by a vacuum pump connected after the cracking system. A room-
temperature condenser was used to decrease syngas temperature before it flowed in the vacuum
pump. Figure 3.8 shows an overview of this biomass gasifier. A sequential block diagram of this

system is presented in Figure 3.9.
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Figure 3.9 A sequential block diagram of an updraft biomass gasifier equipped with a tar

cracking unit.

3.5.1 Air-injection plate
The previous air injector in the updraft gasifier consisted of a cast iron nozzle centrally located in
the bottom of the gasifier. This injection system presented two main problems. First, the reaction
zone’s heat was located around it causing the nozzle to collapse when temperatures were close to
the melting point on its surface. This occurred because once the reactor was in operation; the

nozzle was placed in the middle of the combustion zone. Second, non-uniform burning when
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irregular particle size was used, gasification was limited due to air flow distribution in the bed.
Figure 3.10, a picture of the old nozzle, is illustrating holes located around the pipe.

The new gasification injection system idea comes from the principle of a bubbling fluidized
reactor. In a bubbling fluidized bed reactor, fine particles react with a medium forming bubbles
where gas solid reaction occurs (Kinii & Levenspiel, 1991). In contrast, an updraft biomass
gasifier runs with a particle size 5 to 100 mm (Knoef, 2005). For this reason, an updraft gasifier

doesn’t have the same performance of a bubbling fluidized bed reactor.

Figure 3.10 Old gasification injection design

12"

Figure 3.11 New air-injection plate design
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The perforations on the air-injection plate help the air to be distributed uniformly in the gasifier.
It also helps to distribute the heat on the reaction zone. The injection plate temperature is lower
than the previous nozzle because the air flowing from bottom to top can help cool down the face
of the injection plate facing downward. In this design, 16 perforations of 6.35 mm ('4”) were
made symmetrically in 304.8 mm (12-inch) diameter steel plate and 6.35 mm ('4”) thick. See

Figure 3.11. The gasifier airflow was measured using the pressure-differential flow meter.

3.5.2 Automatic feeding system
The use of an updraft biomass gasifier for industrial and power generation requires a continuous
feeding system. An automatic feeder was designed and built. The automatic feeder is equipped
with a steel hopper from where the biomass is transported to the gasifier. When the gasifier is
running, the hopper is sealed to avoid gas being released. A steel auger driven by a DC gear
motor model 6ML67, 0.186 Kw (1/4 HP), 21 RPM (Dayton electric) was arranged. A variable
speed control was used to control the biomass rate; biomass was fed in the gasifier within a 4
inch (i.d.) steel pipe. The auto-feeder was designed to work when the temperature in the
pyrolysis zone exceeded the set temperature. A PIC16F877A-I1/P micro-controller in conjunction
with an AD595 and TS921 integrated circuits was used to develop the automatic feeder-
temperature controller system. Two set points were selected to run and stop the DC motor. For
example, if the temperature in the pyrolysis zone increased more than 300°C the auto-feeder ran
until the temperature went back to 200°C. A display Hitachi LM071L LCD was used to show the
actual temperature and both low and high temperature set points. A solid state relay was used to
turn the DC motor on and off based on the temperatures. The fact that the microcontroller works
with a maximum voltage of 5 volts makes the analog-to-digital converter take measures of up to
5 volts, limiting the maximum range of temperatures read by the system, which is from 0 to 450°

C. The program used by the micro-controller is provided in the Appendix D.
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Figure 3.12 Automatic biomass feeding system

3.5.3 Tar cracking system and collector
Since the combustion zone showed an average reaction temperature from 600° C to 900° C for
different biomasses, the gasifier itself can produce the heat needed to crack tars. The use of the
reactor’s heat for tar removal is evaluated in the development of a tar cracking system. This
system was designed to decrease the amount of tar in the final syngas and increase the product
gas composition. Two black iron pipes (31.75 mm/1.25-inch i.d.) were arranged in the gasifier as
it is shown in Figure 3.13. Syngas flows from top to bottom in the vertical pipe. Char is loaded in
this pipe to remove moisture and condense tar in order to prevent blockage of the catalytic bed.
The vertical pipe is connected to the horizontal pipe that is placed within the combustion zone.
The horizontal pipe was equipped with an additional black iron pipe (25.4 mm/1-inch i.d.) where
the catalyst was placed; mesh and snap rings inside kept the catalyst in place, Figure 3.13 shows
details of this system. Tar cracking experiments were carried out by Wang, et al.,(2005) and
Yang, et al.,(2010) in quartz reactors to test the effect of Ni/dolomite and Ni/char catalysts on
biomass gasification using external heating units. External heat decreases the efficiency of
gasification processes because external power is needed. The fact that this gasifier can use its
heat to crack tar is economically feasible and thermally efficient. In this gasifier several catalysts
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can be tested. In Chapter 5, the use of this modified updraft biomass gasifier reactor is tested.
Gasification performance and the effect of using the combustion zone’s heat for tar cracking are

evaluated using char and nickel-char catalysts.
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Chapter 4 - Performance evaluation of an updraft biomass gasifier

Abstract

Although updraft gasifiers are one of the most efficient gasifier designs, they are reported
to generate more tar than any other gasifiers. The selection of the operational parameters in an
updraft gasifier can result in the increment of syngas heating values and a decrement on tar
content. In this study, the operational parameters, including air flow rate and feed-air
temperatures of an updraft biomass gasifier, have been studied using prairie hay, sorghum
biomass, and wood chips. Results showed that different biomass types produced different tar
content, e.g. wood chips>sorghum biomass>prairie hay. It was also found that the air flow rate
increment promoted formation of tar species in all biomasses studied. Higher feed-air
temperatures reduced tar in syngas from prairie hay; however, in sorghum biomass and wood
chips, tar only slightly decreased. A statistical model was implemented to study differences on
syngas composition. Results showed that different biomasses produced syngas with different
high heating values, e.g., wood chips > prairie hay > sorghum biomass. CO composition also
showed differences by feed air temperatures and biomass, e.g. prairie hay>wood chips>sorghum
biomass, but H, did not show significant differences by either biomass types or operating

conditions.

4.1 Introduction

Biomass is the organic matter composition in plants and animal residues. There are
different ways to process biomass to produce electricity, heat, steam, and liquid fuels. The use of
biomass to produce energy generates CO, the same way petroleum based fuels do. However, the
use of biomass represents lower CO, emissions because of its “net gain of zero.” This means that
the plant eventually uses CO, which is released after consuming biomass (Onyekwelu &
Akindele, 2006). Biomass gasification is an effective way to convert solid biomasses into useful
biofuels. However, the conversion of biomass is affected by its characteristics. Biomass from
different resources needs to be analyzed before it is utilized in a thermochemical conversion
process. Syngas composition and tar content can vary for different feedstocks (Hasan, et al.,
2010).
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Biomass gasification for energy production has attracted tremendous attention in recent
years for its low emissions, but the use of gasification is not new as it has been used and studied
for more than three centuries (Reed & Das, 1988). Gasification is a theoretically complicated
thermochemical process in which biomass materials experience incomplete combustion in a
medium such as air, oxygen, or steam to produce a combustible gas called synthetic gas (syngas).
Syngas is a mixture of hydrogen, carbon monoxide, carbon dioxide, water, nitrogen, and small
amounts of methane and higher hydrocarbons (Lucas, et al., 2004). It can be burned directly in
furnaces, boilers, stoves, internal combustion engines, or micro-turbines for heat and power
generation (Knoef, 2005). It can also be further converted to a wide variety of useful, high-
margin petrochemicals or transportation fuels, such as synthetic diesel (via the Fischer-Tropsch
method), ethanol (via fermentation), dimethyl, and methanol (via catalytic reactions) (Hasan, et
al., 2010).

Gasification performance depends on reactor type and operational conditions. There are
several types of gasification reactors, these include: fixed-bed and fluidized bed reactors. Fixed-
bed reactors are simple to build and can perform good carbon conversion using low gas velocity.
However, tar formation is a major problem in fixed-bed reactors. On the other hand, fluidized
bed reactors can operate with a high carbon conversion, low tar content and a uniform syngas
yield (Hasan, et al., 2010), (Reed & Das, 1988). Performance operation of fixed bed gasifiers can
be improved. The selection of optimal gasification parameters can have a positive effect on
biomass gasification. Lucas, et al. (2004) and Mathieu (2002) studied the effect of the
operational condition on gasification perfomance, and found that syngas yield can be maximized

and tar content decreased.

The objective of this study was to understand the effect of biomass types and operating
conditions on gasification performance in an updraft biomass gasifier. Sorghum biomass, prairie
hay, and woodchips were selected because of their local availability and energy potential.
Various levels of air flow rates (low, medium, and high) and feed-air temperatures (60, 120, and
200°C) were investigated. Gasification performance was evaluated based on syngas composition,

high heating values, and tar content.
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4.2 Materials and Methods

4.2.1 Biomass gasification system setup

The experiments were carried out in an updraft biomass gasifier described in Chapter 3.
Tar and syngas samples were collected from the gasification chamber. The tar sampling unit was
composed of four 250-ml Erlenmeyer flasks series connected in a two steps process. One flask
was placed under water-ice in a box to condense water and heavy tars, and three other flasks
were placed under dry ice (solid CO,) where lighter tar species were collected. Tar was sampled
for 15 min; after collected, the flasks were dried in an oven at 105°C for 24 hr. and weighed on a
precision balance. A similar tar collection method was used by Wang, et al., (2010 (1)). Syngas
was collected using a tedlar sampling bag after the gasifier was running at a steady state; syngas
composition was determined using a SRI 8610 Gas Chormatograph with a TCD detector (SR,
Torrance, CA ). Helium was used as carrier gas; H,, O,, N2, CH4, CO, and CO, concentration

were measured.
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Figure 4.1 Updraft gasifier system

4.2.2 Biomass studied
The use of biomass residues from industrial processes and natural crops can increase the
overall efficiency of biomass gasification. In this project, three feedstocks were utilized to test

the effect of biomass type on gasification performance. Prairie hay is a natural crop that presents
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a number of advantages for its wild nature; it does not need to be fertilized or irrigated. In the
same way, sorghum biomass, a byproduct from agricultural processes, has a wide energy
potential for biofuel production. Prairie hay and sorghum biomass (PS Sorghum Partners) from a
local farm were selected and ground using a Tub grinder (Model H-100 - Haybuster Big Bite,
Jamestown, ND). Furthermore, wood chips from a local transfer station were utilized; wood
chips selected were byproducts from construction and gardening applications. Table 4.1 shows
biomass characteristics. All biomasses present similar heating values. The high heating values
reported are similar to averages for wood (20.2 MJ/kg) and crops residues (18.8 MJ/kg) (F.
Rosillo-Calle, 2007). Wood chips presented the highest lignin content (19.24) and the lowest ash
content (2.86). Ash content in wood chips is lower than in crop residues (F. Rosillo-Calle, 2007).

Table 4.1 Biomass characteristics (weight %o)

Prairie Sorghum Wood Chips

Hay Biomass

C 43.34 43.0 46.8

H 55 5.9 53

0] 494 49.3 46.6
High Heating
Value (MU/kg) 18.17 18.18 18.8
Hemicellulose (%) 29.78 27.99 14.99
Cellulose (%) 30.01 41.53 34.31
Lignin (%) 2.06 4.37 19.24
Ash (%) 8.41 7.18 2.86
Moisture (% db) 10.0 8.56 10.9

4.2.3 Methodology of gasification experiments.

A three way experiment design was used to investigate gasification operational
conditions on gasifier performance. Several authors have studied the effect of the air flow rate of
gasification performance (Hanping, et al., 2008) (Mahishi & Goswami, 2007). In this study, low,
medium, and high air flow rates were evaluated. Table 4.2 presents air flow in liters per minute

and equivalence ratio calculated using the mass of air used to gasify the biomass. It was divided
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by the mass of air required to completely burn the biomass. Equation (4.1) was used to calculate
the mass of air needed for the complete combustion of biomass. Mass of air used for gasification
was calculated using the air flow and the reaction time in gasification experiments. Equation
(4.2) was used to calculate ER (Basu, 2010).

CH,0, + A0, +3.773N;) - (B)H,0 + (D)CO, + N, (4.1)

M, (Actual air
ER = o )

= , ER < 1.0 ificati 4.2
M, (Stoichiometric air) (gasification) (4.2)

Table 4.2 Air flow rate levels

Biomass Flow level | Flow (Ipm) ER
Low 17.4 0.20

Prairie hay Medium 36.6 0.23
High 44.1 0.27

Low 39.8 0.20

Sorghum biomass Medium 44.1 0.26
High 56.2 0.32

Low 47.4 0.25

Wood chips Medium 62.9 0.27
High 731 0.30

Preheating the feed-air is a technique that has been used by several authors to improve
biomass gasification performance. However, most of the studies were focused on high-
temperature air gasification (HTAG) using feed-air temperatures up to 1400°C (Anna Ponzio,
2006). Results reported that HTAG can effectively reduce tar formation and increase the high
heating values of syngas (Lucas, et al., 2004). In this study, feed-air was preheated to 80, 140,
and 200°C. In each experiment, the gasifier was loaded with one type of biomass; 30 pounds of
prairie hay or sorghum, or 40 pounds of wood chips. All experiments were carried out for at least
60 minutes with stable gasification.

Heating values of syngas is calculated using the following equation (Saad, 1966):

AHO = Y (HP) = ) (HP), (43)
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4.3 Results and discussion

4.3.1 Effect of air flow rate on tar content

Results of prairie hay, sorghum biomass, and wood chips gasification at low, medium,
and high air flows are presented in Figure 4.2, 4.3, and 4.4. Averages of tar content at each level
of temperature were calculated. Figure 4.2 shows tar content in syngas from prairie hay
increasing as the air flow rate increases. High air flow rate presents the highest tar content of 3.0
g/m?; at this level of flow, sorghum biomass also showed their highest tar content of 4.0, in
contrast with wood chips which had its highest tar content at medium air flow. An increment in
the air flow leads the formation of tar species. Kinoshita (1994) and Hanping (2008) reported
that variation in the air flow can affect tar yield in biomass gasification, they found that tar
content has a linear increment with air flow. It is important to say that prairie hay’s tar content at
low flow (1.62 g/m®) is comparable to tar values in a downdraft gasifier (Milne, et al., 1998).
Wood chips also presented increment on tar species when the air flow increased. However, at
high air flow tar content reported was lower than at medium air flow. Excess in the addition of
air can have a negative effect on gasification performance because of the production of tar
(Houben, 2004).
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Figure 4.2 Tar content of prairie hay gasification at different air flow rates. Tar content at
low air flow presented significant difference from tar content at high air flow; medium air flow

can have results similar to low or high tar content. See Table 4.4 and Appendix E
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Figure 4.3 Tar content of sorghum biomass gasification at different air flow rates. Tar

content at low air flow presented significant difference from tar content at high air flow; medium

air flow can have results similar to low or high tar content. See Table 4.4 and Appendix E
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Figure 4.4 Tar content of woodchips gasification at different air flow rates. Tar content at

low air flow presented significant difference from tar content at high air flow; medium air flow

can have results similar to low or high tar content. See Table 4.4 and Appendix E

51



Figure 4.5, 4.6, and 4.7 present the average of the combustion zone’s temperature for
prairie hay, sorghum biomass, and wood chips. In Figure 4.5, prairie hay presents its highest
temperature (712°C), the lowest tar content at low air flow was reported at this point. Hanping
(2008) reported that increment in the combustion zone temperature can increase syngas yield and
decresase formation of tar species. However, decrement in the combustion zone’s temperature
can increase the production of tar species. A comparison of Figure 4.2 and Figure 4.5 shows that
the increment in the air flow reduces the combustion zone’s temperature, thus more tar species
are formed. Figure 4.6 presents a decrement in the combustion zone’s temperature when low and
high air flow are compared. In this case the highest combustion zone temperature (732°C) was
presented at medium air flow; at this point slight increment on tar content (3.1 g/m®) was
reported compared with low air flow (2.8 g/m®).

Temperature in the combustion zone for wood chips increased as the air flow increased.
This could be due to the fact that wood chips are a more dense material compared with prairie
hay and sorghum biomass and additional air is required to increase its combustion temperature.
The effect of air flow on combustion zone temperature and tar content was also presented.
Comparison of Figure 4.4 and Figure 4.7 show that the highest tar content occurred at the lowest
combustion temperature (770°C). In contrast, the highest combustion zone’s temperatures
occured at high air flow, therefore, decrement in tempreature was shown from medium (12.5
g/m®) to high air flow (9.0 g/m®).
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Figure 4.5 Gasification of prairie hay — average combustion zone temperatures at
different air flow rates.
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Figure 4.6 Gasification of sorghum biomass — average combustion zone temperatures at
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Figure 4.7 Gasification of wood chips — average combustion zone temperatures at

different air flow rates.

4.3.2 Effect of the feed-air temperature on tar content

Results of the effect of feed-air temperatures on tar content and combustion zone’s

temperatures are presented. Figure 4.8 shows that by increasing the feed-air temperatures from

80° C to 200° C, tar content in syngas from prairie hay decreased from 3.3 to 1.5 g/m®. The

combustion zone temperatures at this point increased from 668° C to 708° C. When the feed-air

53



temperatures varied from 80° C to 140° C, tar content decreased as the temperature increased.
Increment in the feed-air temperatures of wood chips presented a similar behavior, Figure 4.10;
tar content decreased from 10.3 to 8.7 g/m* when the feed-air temperatures increased. Figure
4.13 presents the combustion temperature of wood chip gasification; comparison of 80°C and
200°C presented increment on combustion temperature from 795° C to 822° C. Lucas (2004)
evaluated the effect of using temperatures from 350° C to 900° C in the feed-air concluding that
the addition of heat in the feed-air can increase the bed temperature and promote decrement in tar
content.

Nevertheless, tar content presented an opposite tendency in sorghum biomass
gasification. Tar content increased from 3.0 to 3.7 g/m® when feed-air temperatures of 80° C to
200° C were compared. When the feed-air temperatures increased from 80° C to 140° C, the
combustion zone’s temperatures increased from 682° C to 714° C; this increment slightly
increased the tar content. Then, at 200° C feed-air temperatures, the combustion temperature
dropped to 701° C and tar content increased to 3.7 g/m®. This suggests that the effect of feed-air

temperatures on syngas’ tar content depends on biomass types.
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Figure 4.8 Tar content of prairie hay gasification at different feed-air temperatures. The
individual analysis of prairie hay presented at 80°C feed-air temperature significant difference
when temperature of 140°C and 200°C were used. See Appendix E-Tar individual analysis.

Non stable increment in the combustion temperature was found when the feed-air

temperatures were increased from 80°C to 200° C in all cases. This phenomenon can be due to
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the fact that gasification performance of agricultural residues and wastes can present instability
because of the non-uniform biomass distribution on the bed, ash agglomeration, and fast

pyrolysis rates (Di Blasi, et al., 1999).
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Figure 4.9 Tar content of sorghum biomass gasification at different feed-air
temperatures. No significant difference was found in sorghum biomass gasification en the

temperature was varied from 80°C to 200°C. See Appendix E-Tar individual analysis.
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Figure 4.10 Tar content of wood chips gasification at different feed-air temperatures. No
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Figure 4.11 Prairie hay - Combustion zone temperatures at different feed-air
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Figure 4.12 Sorghum biomass - Combustion zone temperatures at different feed-air
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4.3.3 Effect of biomass type on tar content

In this section a comparison of average syngas’ tar content in different biomass types is
presented. Figure 4.14 presents an average of tar content for prairie hay, sorghum biomass, and
wood chips at different air flow rates. Prairie hay presented the lowest tar content of 1.6 g/m® and
also presented the lowest overall tar content compared with sorghum biomass and wood chips.
Gasification of wood chips showed the worst scenario with 12.5 g/m3 at medium air flow.

The difference of tar content is due to the biomass characteristics; in Figure 4.1 elemental
analysis and biomass characteristics are presented. Wood chips present the highest tar content
(16.84 g/m3) as well as the highest lignin content 19.24%. Lignin is an aromatic polymer with
the funtion of joining cellulose fibers in order to keep adjacent cells together. This polymer is
mainly composed of monomeric units of benzene rings (Basu, 2010). Benzene is commonly used
as a tar model component in studies of tar formation in gasification systems (Wang, et al., 2010)
because it is a likely intermediate in heavy hydrocarbons formation in syngas gasification
(Milne, et al., 1998). Hanaoka (2005) studied the effect of biomass components on gasification,
hemicellulose, xyan, and ligning were evaluated. reporting that lignin can produce the highest tar

content when compared with other biomass components.
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Figure 4.14 Effect of the biomass types on tar content at different air flow rates. Tar
content presented significant difference for all biomass types; wood chips>sorghum
biomass>prairie hay. See Table 4.4 and Appendix E

4.3.4 Effect on syngas composition and heating values
Table 4.3 presents syngas composition and high heating values (HHV) for all
experiments’ levels. The composition of the dry gas shows that H, varies from 7.15% to 11.21%
and CO from 11.69% to 23.43%. High heating values from 3.28 to 6.10 MJ/m® are reported
which are comparable to those reported by Di Blasi (1999) in a study of different woods and
agricultural residues. Syngas composition and heating values did not present a clear difference
when air flow rate and feed-air temperatures were varied. In section 4.3.5, a statistical analysis

evaluated the differences in syngas from different biomass types, air flow rates, and feed-air
temperatures.
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Table 4.3 Operation conditions, dry gas composition and HHV - Biomass
Gasification in an updraft biomass gasifier, mass charge 30 Ibs (prairie hay and sorghum)

or 40 Ibs (wood chips).

Air Feed-air HHV
Case number flow temperatures (°C)  H2 (%) CO (%) (MJ/m)

PH021412 001  Low 80 8.00 16.44 4.68
PH021512 001  Low 140 7.32 15.89 4.50
PH021612 002  Low 200 8.71 17.26 4.87
PH022412 001  Med 80 9.89 16.56 4.69
PH021812 002 Med 140 8.40 14.89 4.17
PH021912 002  Med 200 7.15 17.57 4.34
PH022112 001  High 80 9.69 14.28 4.32
PH022112 002  High 140 10.25 17.90 5.15
PH022212 002  High 200 9.86 18.00 5.00
SG 031512001  Low 80 8.53 15.73 4.63
SG 030812001  Low 140 7.81 14.60 3.98
SG 031312002 Low 200 8.58 14.81 4.13
SG 030812002  Med 80 9.22 17.17 4.54
SG 031212001  Med 140 9.10 14.13 3.88
SG 030712002  Med 200 11.21 17.37 4.92
SG 022412002  High 80 7.94 11.69 3.28
SG 031412001  High 140 9.32 13.51 3.89
SG 022712001  High 200 7.00 11.71 3.28
WC 032612 001 Low 80 8.28 20.01 5.76
WC 032512001 Low 140 6.63 18.43 491
WC 032212 002 Low 200 8.79 19.54 5.47
WC 032412002 Med 80 7.85 22.96 6.10
WC 032712001 Med 140 8.41 20.84 5.72
WC 032112001 Med 200 8.59 20.58 5.74
WC 032112 002 High 80 8.48 21.43 5.93
WC 032712002 High 140 9.21 23.43 6.41
WC 032412 001  High 200 8.53 21.73 5.98

PH(prairie hay), SG (sorghum biomass), WC (wood chips)

4.3.5 Statistical Analysis
A statistical analysis was carried out to investigate the differences of tar content and
syngas composition. Experiments were performed with three biomasses: prairie hay, sorghum
biomass and wood chips. Air flow rate and feed-air temperatures were varied. Tukey’s HSD is
used to analyse the difference among groups. Since we used different biomasses, tar content did
not present a linear relationship. Tar was converterd to log(tar) in order to get better results. A
SAS-GLM procedure was performed and adjusted for Tukey comparisons (Appendix E). Tests
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were performed for each variable analyzed. Table 4.4, 4.5, 4.6 and 4.7 show results of SAS
output. Values with significant differences are presented with different letters (A, B or C). Letter
“A” represents the highest composition (or content) followed by “B” and “C”. Significant
difference means that the p-vlaue is lower than (<0.05), a p-value higher than this indicates that

there is not enough evidence to probe that groups have significant difference (Kuehl, 2000).

Table 4.4 Tukey’s HSD output for tar content analysis for all biomasses at all levels

- air flow and feed-air temperature.

Biomass LSMEAN (g/m3)
Prairie hay C 1.95
Sorghum 3.00
biomass B

Wood chips A 8.08

Interpretation: Tar content presented a significant difference for
different biomasses.

Air flow rate LSMEAN (g/m3)
Low B 2.77
Med A-B 3.86
High A 4.44

Interpretation: Tar content at low air flow rate presented a
significant difference from high air flow. Medium air flow rate
can produce tar content similar to low or high air flow rate.

Temperature (°C) LSMEAN (g/m3)
80 A 4.22
140 A 3.46
200 A 6.11

Interpretation: No significant difference in tar content was found
when the feed air temperature was varied.

Different letters indicate a significant difference; the same letter indicates no
significant difference. The letters A,B and C represent differences among
groups, increasing from A>B>C.

Table 4.4 presents results for tar content. Syngas’ tar content presented significant

differences for different biomass types. Prairie hay presented the lowest tar content with a
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LSMEAN of 1.95 g/m®. In contrast, wood chips, as mentioned in section 4.3.3, presented the
highest tar content. However, sorghum biomass had an overall lower tar content than prairie hay
in Figure 4.11 and a higher tar content than prairie hay according to the statistical analysis. These
results validate data presented in Figure 4.14. Tar content produced with agricultural residues
(sorghum biomass), municipal wastes (wood chips), and natural crops (prairie hay) can present
different tar content when used in biomass gasification.

Analysis of air flow rate was also reported in Figure 4.4. The increment in the air flow
can increase tar content in syngas. However, increment in the feed-air temperatures did not have
a significant difference, which means that there is not enough evidence to probe that tar content
increases when the temperature is increased from 80° C to 200°C.

Table 4.5 shows SAS output for high heating values’ analysis. For different biomass
types, different HHVs were reported. In this case, wood chips presented the highest heating
values, which means that the energetic potential of syngas from wood chips was superior to those
presented by sorghum biomass and prairie hay. High heating values can be affected by the
amount of oxygen in the biomass. A biomass with a higher oxygen content has lower HHV
compared with a biomass with low oxygen content. In Table 4.1, oxygen contents for prairie hay
sorghum and wood chips are presented. The HHV’s output was reported as follows:
Woodchips>sorghum biomass>prairie hay; however, oxygen contents are reported the opposite
Prairie hay>sorghum biomass>wood chips. This indicates that oxygen content affected the HHV
of the biomasses.

No significant difference was found on HHV for air flow and feed-air temperatures.
Syngas produced at a different level of air flow and feed-air temperatures presented similar
values.

Studies of syngas from biomass gasification stated that the heating potential in syngas is
produced by the amount of hydrogen and carbon monoxide (Weihong Yang, 2006). Table 4.6
presents analysis of hydrogen composition in syngas at different levels of gasification
operational parameters. Results show that there is not a significant difference on syngas from
different biomass types. It was also found that syngas at different air flow rates 