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ABSTRACT

Coal combustion is responsible for the majority of electricity production in the United
States. It is however, also the primary cause for carbon dioxide emissions, which contribute to
global warming. With oil reaching its peak production in the near future, alternative fuel sources
will be needed to meet the worlds growing energy demands. Coal is an abundant resource that
has the potential to meet those demands. In contrast to coal combustion, coal gasification only
partially oxidizes the coal to produce a syngas containing of hydrogen and carbon monoxide,
which means less carbon dioxide emissions. Utilizing coal in gasification technologies is the key
to using coal in a more environmentally friendly way. Coal utilized gasification technologies
have a variety of different applications. These applications include production of synthetic
natural gas, production of methanol, to converting the syngas to gasoline, or chemicals like
ammonia or a more efficient method to produce electricity for power generation. There are some
challenges associated with coal when trying to extract its energy. These challenges exist due to
the impurities that are inherent in coal. These impurities get released upon combustion and
gasification systems and cause corrosion and erosion which can lead to damaging of expensive
equipment used in chemical processing plants. Therefore research is needed to address these
challenges, in order to improve the gasification systems so they can become more efficient. One
area of gasification technology that can utilize coal to generate useful products is fluidized bed
gasification. Fluidized bed gasification is not as widely used as other gasification technologies in

industry. This is because these systems have their own unique set of challenges associated with
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them. This research is focused on fluidized bed gasification with lignite as the design fuel. In
this work a fluidized bed gasifier was designed, constructed, commissioned and optimized for
hydrogen production. The design was based off of the literature and centered on the minimum
fluidization velocity. Shakedown experiments were performed as part of commissioning the
system. Experiments were run under combustion conditions, air blown gasification, oxygen
blown gasification, oxygen combustion, and a hydrogen retort. A hydrogen rich syngas was
produced, containing 58% hydrogen for the retort experiments and as high as 55% for oxygen
blown gasification. This hydrogen rich stream was largely because of the water gas shift
reaction that took place downstream of the gasifier. Along with these experiments, deposits from
the impurities were formed under realistic conditions. The deposits were prepared and analyzed
using scanning electron microscopy. The two methods which were used to characterize the
deposits were morphology, which uses EDS to identify the atoms present in the sample, and
point count (SEMPC) which uses a computer program to compare and classify the mineral
phases present in the sample. Based on the results of the SEMPC analysis the mechanism from
which the deposits formed was through viscous flow sintering. The atomic species most
responsible for the sintering was found to be organically associated sodium and calcium in the

lignite.
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CHAPTER I
INTRODUCTION
1.1 Objective

The objective of this research is to learn about gasification systems by designing and
constructing a fluidized bed gasifier with Lignite coal as the design fuel.

1.2 Scope

The scope of this project is design a fluidized bed for the gasification of lignite based on the
literature. Once that design is determined to be valid, the system will be constructed and
commissioned. The system will consist of a fluidized bed gasifier, along with post gasification
cleanup systems. Gasification experiments will be performed and behavior of the system will
analyzed including syngas composition, carbon conversion, cold gas efficiency, tar formation,
and impurity generation.

1.3 Motivation

With Qil prices being higher than ever, there is a new interest in developing green/alternative
energy technologies. Historically, compared to other types of alternative energy, petroleum
derived fuels have dominated the energy market, and realistically will continue to dominate the
energy market for the foreseeable future. Coal, like oil, is a fossil fuel and is the main source for
the majority of the world’s electricity. Coal is an abundant energy resource that will play an
important role in future energy requirements(Annual Energy Outlook 2011, 2011). The U.S has
a large amount of coal reserves that will last for a couple hundred years. In fact, in 2010 the
United States used coal to generate 46% of its total power, and reflects a 4.5% increase in coal
usage from the previous year(World Energy Council, 2013). This makes the utilization of coal

as an energy resource attractive due to its high abundance worldwide, and low cost. However, a
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lot of the coal in the U.S is lignite, which is a low ranked coal that has not been used as much for
energy applications as its high rank counterparts. This is partly due to the inherent problems that
are associated with lignite that prevent technology from being further developed for its use.
Specifically lignite has a high moisture content, as well as large amounts of alkali metals namely
sodium, that can cause a lot of fouling of equipment and other problems.(Matsuoka, Suzuki,
Eylands, Benson, & Tomita, 2006). Coal presents some environmental challenges; it can create
pollution and contribute to global warming by releasing carbon dioxide into the atmosphere. The
utilization of coal is very versatile; coal can be used to produce chemicals, in electricity
production, and the production of hydrogen. One of the technologies that can utilize coal in a
more productive was is a process known as gasification. Gasification is a process in which turns
any material with a high carbon content, into a gaseous fuel with a heating value. It is a process
which is similar to combustion; however, gasification limits the amount of oxygen that is
available to react with fuel source, which creates a reducing environment. Ultimately, the
product gas in gasification is known as a syngas, and typically contains hydrogen and carbon
monoxide. There are different types of coals, each one with its own unique properties. The
unique properties of each coal present with it different problems and challenges that need to be
overcome. Depending on the application that is desired, for example, the production of
chemicals, hydrogen or electricity, as well as the availability, will determine the type of coal to
be used. Once the type of coal is selected, this will dictate the type reactor that will be
implemented to carry out the gasification process. Although the type of reactor does depend on
the type of coal being used there is an underlying common problem that affects each type of
gasification process in its own unique way that is the impurities in the coal. This work will show

how gasification, fluidized bed technology, along with coal can provide cleaner and more



efficient ways to utilize energy in the future. It will also provide a brief history on gasification,
what gasification is, and what its applications are and address some of the problems that
researchers are trying to overcome. As well go through actually designing, constructing and
commissioning of the fluidized bed system, present and interpret the data and offer

recommendations for future work.



CHAPTER II
LITERATURE REVIEW
2.1 Introduction
Gasification is a technology that has been around for a long time. In its most primitive
sense, humans have utilized gasification since we have figured out how to control fire and use it
to burn wood to keep ourselves warm (C. Higman, 2003). Over time different types of fuel have
been used, however the process has essentially remained unchanged. What exactly is
gasification? There have been two dominant definitions have evolved over the years. The first
by Higman and Van der Burgt, which is that gasification is a process where any carbonaceous
fuel is converted to a gaseous product with a heating value. Under this definition, such processes
as pyrolysis, partial oxidation, and hydrogenation are included (C. Higman, 2003). It should be
noted that this definition excludes combustion because during the combustion process, the
product fuel gas has no residual heating value. However, Berkowitz defines gasification
differently, and makes a sharp distinction between it and other process (Berkowitz, 1979). The
key point in Berkowitz’s definition of gasification is that all of the organic material in coal is
converted a gaseous form. Equally important, with this definition, only coal rank and
temperature affect the rate of gasification (Berkowitz, 1979). A simpler way of looking at
gasification is this: it is a process where fuel is burned in a reducing environment that is the
amount of oxygen that is burning the fuel is very limited, so that the products are not fully

oxidized. In any case when the carbon-rich fuel is gasified, the end result is a mixture of gasses



consisting of carbon monoxide and hydrogen which together is known as syn-gas
(C. Higman, 2013). In the gasification process, many different feedstock’s’ can be
utilized for energy (Minchener, 2005). The first fuel to be used was wood, although
wood was also needed for other applications, and became scarce. It was during the
beginning of the industrial revolution where a new type of fuel would be needed, so coal
started to be utilized for the purpose of heating and lighting. The production of town gas
IS where gasification founds its niche in providing itself useful towards society. The
main purpose of town gas was for town illumination. Other applications that followed
were heating, the use as a raw material in the chemical industry and power generation.
One of the initial drawbacks of the town gas is that it had a low heating value which
could not provide much heat to utilize over long distances (C. Higman, 2003). This
combined with other technologies emerging such as the light bulb, put gasification on the
backburner of wide commercial use. At the heart of gasification carbon reacts with
oxygen and steam to produce hydrogen and carbon monoxide which can be summarized
in the chemical equation of the overall process below:

C+H,0&> H; + CO

This is, however, an oversimplification of the gasification process. Gasification consists
of many steps and side reactions, all of which help determine the quality and composition
of the syngas. Usually gasification is described with six sets of reactions. They are the
combustion reactions, steam gasification reaction, Boudouard reaction, water gas shift
reaction, methanation reaction and hydro-gasification reaction. Their chemical equations
with associated enthalpies can be seen in the equations that follow:

1. Combustion reactions:



C +02 - CO2 AH= - 16900 BTU/Ib-mol
C+1/202 - CO AH= - 47,600 BTU/Ib-mol
CO +1/202 > CO2 AH= - 121,700 BTU/Ib-mol
2. Steam gasification reaction:
C+H20 - CO +H2 AH= 56,490 BTU/Ib-mol
3. Boudouard reaction:
CO2+C €«~> 2CO AH= + 74200 BTU/lb-mol
4. Water gas shift reaction:
CO+H20 > CO2+H2 AH=- 17,700 BTU/Ib-mol
5. Methanation reaction:
CO +3H2 > CH4 + H20 AH= - 88,700 BTU/Ib-mol
6. Hydro-gasification reaction:

2H2+C -> CH4 AH=- 32,200 BTU/lb-mol

The water gas shift reaction plays an important role in converting the syngas to a
hydrogen rich stream. The chemical composition of the syngas will depend on the
operating conditions, residence times and chemical kinetics (S. A. Benson & Sondreal,
n.d.)
2.2 Background information

2.2.1 Thermodynamics and kinetics of gasification

Gasification can be a very complex process; this is due to the fact that usually the
carbonaceous material contains other materials within it such as impurities that can affect

the chemistry of the gasification process. The chemistry of gasification can be described



by thermodynamics, which is what will happen at certain conditions of temperature and
pressure and kinetics, which is what route will the reactions take and how fast do the
chemical reactions occur. Thermodynamically steam gasification takes place at 850 °C
and above, anything below that is considered pyrolysis (C. Higman, 2003). Despite the
fuel type, gasification exhibits the following reactions: Pyrolysis and tar cracking,
combustion reactions, steam gasification, secondary reactions, the water gas shift reaction
and methanation reactions. The most notable of the secondary reactions that take place in
the gasification process is the Boudouard reaction. Due to the fact that the initial steps of
pyrolysis and tar cracking are endothermic, heat must be provided by an outside source,
and thus makes the overall gasification process endothermic (S. A. Benson & Sondreal,
n.d.). The water-gas shift and methanation reactions are exothermic which contributes to
the energy balance at lower temperatures (chemical reaction 4). Figure 1 depicts the

general steps of gasification and the products produced.
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Figure 1: Reaction Sequence for gasification of coal (C. Higman, 2003)

The first step when heating up the coal particles is devolatilization. The

devolatilization of coal occurs when the coal is heated up; the volatile matter that is



trapped within the coal matrix gets evaporated out, which results in the coal turning into
char. Devolatilization is a very important step, and the rate at which it occurs dictates
what happens in the chemical reactions that occur afterwards. Devolatilization occurs at
temperatures between 350-800 °C. The rate of devolatilization depends on the rate of
heating, particle size and the rate of gasification of by the water gas shift reaction (the
temperature and partial pressure of steam (S. A. Benson & Sondreal, n.d.). Figure 2

describes the differences between fast and slow devolatilization.
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Figure 2: The influence of Heating Rate on Gasification.(C. Higman, 2003)

If devolatilization is slow then pyrolysis will occur by itself because the
gasification reaction of the volatiles and char are slow compared to the pyrolysis, so it is

kinetically controlled.  Gasification will occur after devolatilization is complete.



However if devolatilization is fast pyrolysis and gasification will occur at the same time
because there was not enough time for the volatile matter to build up so that pyrolysis can
occur on its own. When coal is devolatilized it produces an array of different products
that include: tars, hydrocarbon liquid, and gasses like methane, carbon monoxide, carbon
dioxide, hydrogen, water and hydrogen cyanide. These products react with the oxygen in
the environment; the degree to which the products react with the oxygen depends on how
much volatile matter is produced (C. Higman, 2003). The reactions that govern the
overall conversion rate are the slowest reactions, these are: the Boudouard reaction, and
the hydrogenation reactions. Equally important, there are some physical steps that affect
the rate of reaction within a reactor. There are three temperature zones in the reactor a
low temperature, medium temperature and a high temperature zone that affect the

reaction rate, which is illustrated in Figure 3.
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Figure 3: Reaction Rates in Temperature Zones.(C. Higman, 2003)



In the low temperature zone, the chemical reaction is the rate controlling step. In zone
two, although the rate of the chemical reaction is higher the reaction is limited by internal
diffusion of the reactants. Meanwhile, in the high temperature zone, the bulk surface
diffusion is the rate limiting step.
2.3 Types of reactors

According to Berkowitz’s definition of gasification only coal rank and temperature
affect the rate of gasification, and is better understood when looking at the different ways
to gasify coal. There are different reactor regimes that can be used to gasify coal, all of
which have characteristics that are unique to that process. The type of reactor that is
chosen for gasification will dictate what the operating conditions will be (temperature and
pressure) as well as what type of coal that can be used. There are three main types of
gasifiers that are in use today, they are the entrained flow gasifier, the moving bed
gasifier, and the fluidized bed gasifier. There are two more types of reactors that are not
as well known the transport reactor, which is similar to a fluidized bed and a torbed
reactor.

2.3.1 Entrained flow gasifier

In entrained-flow gasifiers, air or oxygen with steam is fed into the top of the
gasifier which causes the coal particles to become entrained within the reactor. In order
for this entrainment to occur the coal must be ground to a fine particle size of 100um, this
fine particle size also ensures good mass transfer between the coal particles and oxidant.
Entrained flow gasifiers operate in a co-current flow pattern, and usually residence times
for these types of reactors are on the order of a few seconds. Entrained flow gasifiers

operate at high temperatures to ensure good conversion of carbon materials to syngas.
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Also, operating at high temperatures ensure that all the ash is melted into slag, as a result
these reactor all operate in a slagging mode (“Impurities in Combustion and Gasification
Systems Lecture # 14 — Section 2 . Fireside behavior | — Transport Mechanisms Section 3
-- Fireside behavior of fuel impurities — slagging and fouling,” n.d.). The main advantage
to entrained-flow gasifiers is that they have the ability to handle any coal feedstock and
produce a clean, tar-free, syngas. Although the reactor is versatile in the type of coal that
is used certain coals are avoided due to the properties of the coal. For example, lignite
coal is often not desired for entrained flow gasifiers because of its high moisture content,
this requires more energy to be put into the reactor to evaporate the excess moisture and
is not as economical as the high ranked coals. Coals with high ash contents are also not
preferred because of the additional energy required to melt the ash into slag (R. E. .
Barrett, n.d.). The fine coal feed can be fed to the gasifier in either a dry or slurry form.

The slurry feed is a simpler operation, but it introduces water into the reactor which needs
to be evaporated. The result of this additional water is a product syngas with higher H, to
CO ratio, but with a lower gasifier thermal efficiency. Entrained-flow gasifiers have a
high conversion efficiency of 98% of converting material into syngas. This key trait is
why entrained flow gasifiers are used in practice in such technologies as Integrated
Combined Gas Cycle (IGCC) and thus the technology for this type of reactor is the most
developed. One major drawback to this reactor type is that it requires a lot of oxidant to
get a good conversion which increases the operating cost of the reactor. An example of
an entrained-flow gasifier can be seen in Figure 4. Figure 4 is a picture of Texaco’s

entrained-flow gasifier which has heat exchanger tubes inside the reactor.
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Figure 4: Texaco’s Entrained Flow Gasifier (“NETL.doe.gov,” n.d.)

2.3.2 Moving bed gasifier

In a moving bed gasifier, large particles move down the reactor, and reacts with
gasses that are moving countercurrent to the coal particles. The particle size of the coal
for this reactor should be course so that there is good permeability within the particle.
Also, the courser the particle size the less chance of chemical burning and less of a
pressure drop through the reactor. Reactions in this reactor take place in different zones
of the reactor. The top of the gasifier is considered the drying zone. The coal enters the
reactor here and is heated and dried by the product gas leaving the reactor. Meanwhile,
the products gas is interacting with the fresh feed and as a result is cooled upon making

its exit out the reactor. The coal then makes its way to what is known as the
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carbonization zone. This is where devolatilization and pyrolysis occur. Next is the
gasification zone, where the char reacts with steam and carbon dioxide. Finally at the
bottom of the reactor is where the combustion zone is. This zone is where oxygen reacts
with the char it is the hottest zone due to the fact that the combustion reactions are
exothermic. The Moving Bed gasifier can operate in two different modes, a dry ash
mode and in a slagging mode. In dry ash mode, the temperature is controlled with steam
and the gasifier is operated at a temperature below the ash-slagging temperature, Figure

5.

Moving-Bed
Gasifier
(Dry Ash)

Steam,
Oxygen
or Air

Figure 5: Bed Gasifier operating in Dry-Ash Mode (“NETL.doe.gov,” n.d.)

The excess steam reacts with the char and prevents the formation of ash. There is
excess ash is still produced in the combustion zone of the reactor, which is cooled by the
excess steam, which promotes solidification of the ash that is produced. An example of
an entrained flow gasifier, which operates in dry ash mode, is the Lurgi dry ash gasifier.
In slagging mode operation, less steam is used, which results in a higher operating

13



temperature. This higher temperature allows for the ash to melt and form slag within the
reactor. An example of a moving bed gasifier that operates in slagging mode is the BGL
gasifier. Moving bed reactors can handle low ranked coals that exhibit high reactivity’s
(R. E. Barrett, n.d.) such as lignite. In fact, if higher ranked coals are going to be used
then the design of the reactor has to modify in order to account for the swelling and
caking those higher ranked coals, such as bituminous coal exhibits. One main advantage
to utilizing this type of gasifier is that it does not require a large amount of oxidant for
operation, which lowers the operating cost of the process. Equally important, there is less
preparation of the feedstock going into the reactor. Larger particle sizes of coal can be
used, and thus eliminates the need to grind the coal to a particular mesh size. The
moving bed gasifier has some disadvantages as well, one of which is it has a hard time
handling the fine particulate matter produced in the coal ash. Another disadvantage is that
tars are produced in the reactor which can cause problems with limiting heat and mass
transfer.

Although there is a third gasification system, the paper will now switch gears to
discuss lignite as a fuel source and the associated problems with it. Then go back to
explaining the last gasification system and then tie the use of lignite as a fuel source into
fluidized bed gasifiers.

2.3.3 Fluidized bed reactor

Fluidized-bed gasifiers employ a reactor bed contained with a fluidizing, solid,
medium such as sand. Coal is fed into the side of the reactor, while the oxidant (air or
oxygen) are fed in from the bottom to promote the fluidizing of the sand. Once the sand

is fluidized it takes on properties that act more like a fluid then a solid. Fluidized beds
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promote back-mixing, and efficiently mix feed coal particles with coal particles already

undergoing gasification see Figure 6.

Fluidized-Bed
Gasifier

Figure 6: Depiction of a fluidized bed.(“NETL.doe.gov,” n.d.)

Due to the thorough mixing within the gasifier, a constant temperature is sustained in the
reactor bed. In fluidized reactor regimes, the operating temperature should be high
enough to decompose the tars and other liquid products produced during pyrolysis and
devolatilization. At the same time the temperature is should be lower than the softening
point of ash. This is to prevent ash from being formed, because ash can cause problems
such as defluidization as well as inhibit heat and mass transfer. Due to this temperature
constraints highly reactive coals, such as lignite are often utilized so that a good carbon
conversion can be achieved at the lower operating temperatures. During Fluidization

some char particles are entrained in the raw syngas as its leaves the top of the gasifier,
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but are recovered and recycled back to the reactor via a cyclone. Ash particles, removed
below the bed, give up heat to the incoming steam and recycle gas. At startup, the bed is
heated externally before the feedstock is introduced.  To sustain fluidization, or
suspension of coal particles within the gasifier, coal of small particles sizes (<6 mm) is
normally used.
2.4 Fuel quality and fuel properties

Coal forms from a natural process that occurs over time. It involves plant life
absorbing carbon dioxide from the atmosphere. A combination of sunlight, moisture,
temperature, pressure and time; the carbon dioxide from the plants get converted into
compounds such as carbon, oxygen, hydrogen as well as complex substances like sugars,
starches cellulose and lignin (Raask, 1985). Over time, this vegetation is converted into
various forms of coal. The organic matter will first turn into peat, which is a woody
substance. The peat gets buried it becomes compressed and secluded from oxygen which
is the first step in the transformation of peat into coal.

Coals are classified by rank, with lignite being the lowest ranked coal, then sub-
bituminous, bituminous and anthracite the highest. The most widely accepted method to
classify coal is the ASTM method. This method classifies coal based on the amount of
fixed carbon, and heating value, which is calculated in a mineral matter free basis. There
are some common trends that occur with coal properties as coal climbs higher in rank.
Generally since lower ranked coals are younger coals, they contain higher moisture
content, a lower heating value along with a lower amount of fixed carbon. Equally
important, as the rank of coal increases the amount of oxygen decreases, which gives

important insight to the characteristics of the coal. The amount of oxygen in the coal is an
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indication of how reactive the coal is, this reactivity has an influence on operating
conditions and the type of reactor which will be best suited for that type of coal, which
will be discussed later. It can be seen from Figure 7 the chemical and physical
compositions of coals according to rank. It is also important to not from the table that the

percent of volatile matter within the coal also decreases with increasing coal rank.

High-Volatile Bituminous Bituminous
Lignite Subbit. c B A Med. Low Anthracit
Vol. Vol. e
% C, mmf 65-72 72-76 7678  T8-80 80-87 89 90 93
%H 4.5 5 55 55 55 45 35 25
% 0 30 18 13 10 10-4 43 3 2
% O as COOH 13-10 5-2 0 0 0 0 0 0
% as OH 1510 12-10 9 ? 7-3 2-1 1-0 0
Aromatic C atoms, % 50 65 ? ? [:] 80-85 85-90 90-95
of total C
Av. no. benz. rings, 1-2 ? - 2-3 - 5? =252
layer
Violatile matter, % 40-50 35-50 3545 ? 3140 31-20 20-10 <10
Reflectance, % of 0.2-0.3 0.3-0.4 0.5 0.6 0.6-1.0 14 18 4
vitrinite
Density, in helium - minimum
Total surface area minimum
Plasticity and coke | only »
formation
Calorific value, moist. 7000 10,000 12,000 13,500 14,500 15,000 15,800 15,200
mmf, Btu/lb

Figure 7: Chemical and Physical Properties of Coals in the Various Rank Classes (S.
Benson, n.d.; Description, n.d.)

Impurities are an important and unique characteristic of coal they appear in
different forms of mineral matter that are present in the coal. Coal can have up to fifty to
sixty different types of minerals, however the major ones include clay, sulfides, sulfates,
carbonates and silicates. Impurities are important because they impact the design,
performance, and reliability of the system. Impurities also cause pollution and can be
toxic. Impurities are associated in coal by different means. Impurities can be water

associated, with water soluble minerals. These types of associations are in small
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amounts. Impurities can also be associated in mineral grains, which can either be
included or excluded in the coal particle. Finally there are organically associated
impurities. These impurities are bound as salts of carboxylic acid, along with organically
associated sulfur. Impurities in coal are rank dependent, that is in high ranked coals such
as anthracite and bituminous the impurities are primarily mineral associated whereas the
low ranked coals the impurities are organically associated, water associated and mineral
associated. Organically associated impurities, prove to cause the most trouble in
combustion/gasification systems. This is due to the fact that, these impurities are released
when the coal is heated up, and can cause corrosion and fouling problems to equipment.
Since lignite contains a lot of volatile matter, there are a lot more impurities organically
associated with it compared to a higher ranked coal. This, along with Lignite’s high
moisture content, makes it a challenging fuel to utilize for combustion and gasification
systems.

2.4.1 Lignite coal

Low rank coal such as lignite and subbituminous coals are in large abundance
throughout the world. According to the U.S Department of energy, the world contains
514 billion metric tons of low rank reserves. In the United States alone contains
approximately 149 million tons of low rank coal reserves. Utilizing these reserves for
practical purposes can alleviate the United States dependence on foreign Oil and help the
country become energy independent. However using low rank coals such as lignite,
present challenges in gasification systems. If these challenges can be overcome, then the
use of lignite for gasification can provide many opportunities for gasification

applications. Some of the challenges that lignite presents in gasification systems are high
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moisture content, high reactivity, non-caking properties, ash content, and inorganic
material such as sodium.

The reactions of lignite coals in gasification systems are unique to the properties

that the fuel posses, that make them different than bituminous coals. Due to the unique
properties of lignite, technologies that have been used for bituminous coal applications
must be modified in order for them to be used on lignite. Specifically, when compared to
bituminous coals lignites have a different molecular and physical structure, a significantly
higher moisture content, lower heating value, higher porosity and surface area and
different mineral content. These are important factors that influence and dictate how
lignite will be utilized when being applied to different gasification systems.
High moisture content has an effect on the operating conditions of the gasifier, the
feeding system requirements, and the process yields of the product gas. High moisture
content also means it can reduce the energy density of the coal; this is mainly why lignite
coals have a lower heating value then bituminous and subbituminous coals. Data has been
collected by studies that show that North Dakota lignites normally have moisture contents
of 35% and above. Moisture in low rank coals is present in the coal due to hydrogen
bonding both on the surface of the coal, as well as in the pores within the coal. The
hydrogen bonding in the coal helps contribute to the rigid structure that characterizes
lignites. Which helps explain why when lignite is dried, the structure becomes greatly
weakened.

Lignites are known to have high sodium content in the ash that is produced. This
mineral matter can cause corrosion problems in high temperature applications. At high

temperatures the sodium vaporizes and becomes a part of the syngas. After the
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gasification process the syngas will go through unit operations such as heat exchangers or
boilers (depending on the application), where the temperature of the gas will decrease.
As a result of this temperature decrease (in the case of syngas cooling) the sodium will
condense onto the heat transfer surfaces. This will cause fouling and corrosion, and will
decrease the efficiency of the heat exchanger. The high amounts of carboxylic groups
influence the behavior of alkali metals such as sodium. It is proposed that when the
carboxylic acids start to decompose at low temperatures that mechanism plays a
significant role in the sodium that is contained within the carboxylic acid. The sodium
gets released into the ash which can cause the fouling of equipment. During gasification
there are many different chemical transformations occurring simultaneously that
influence the ash formation. These phases are aluminosilicate, silicate, sulfides, and
metals. Sodium is known to react with all of these phases. And generally sodium has
been found to take these various forms within the ash composition: Na,O, NaOH, Na,S,
sodium silicates and sodium aluminosilicates (Raask, 1985).

Each type of fuel can have specific problems related to the mineral matter in
boiler operation. Ash analysis taken from O’Gorman and Walker (1972) showed that
gypsum, pyrite, and thenardite (sodium sulfate) were the principle constituents of the low
temperature ash. Sodium sulfate can form at low temperatures when coal is heated in an
oxidizing environment with its mineral matter. Alkali metals, such as sodium, are within
the coal matrix in different forms such as organometal salts, chlorides, sulfates,
carbonates, and silicates. One explanation as to why lignites, especially lignites from
North Dakota, contain large amounts of sodium is due to the local ground water. The

ground water contains a lot of sodium, and because coal has a very porous structure,
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sodium is able to transfer to the coal substance easily. The mechanisms, in which sodium

and other impurities are formed, are not fully understood. Figure 8 is a picture depicting

generally how impurities are formed.
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Figure 8: Description of ash formation in the gasification process.(“Impurities in
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Impurities in,” n.d.)

During the different stages of gasification, the impurities in the coal particles get

released during the drying phase. Once released the impurities react with oxygen, steam,

volatile matter, and the tars to form a variety of different particles. These impurities are in

different phases and will coalesce into larger particles. The impurities in the gas phase
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will condense, and the impurities in the liquid phase will solidify, which will cause
problems to equipment downstream of the gasification process such as boilers and syngas
coolers. Research has shown that salts such as sodium chloride do not volatilize below
475 K, on its own. However, some researchers have shown through experiments that
sodium chloride does form eutectoids with other minerals in the ash.

Lignite is a highly reactive coal in reducing Environments, but the reactivity does
not correlate with the surface area (Timpe et el 1989). However, the high reactivity of
low ranked coals can be attributed to the abundance of free radicals that are formed
during thermal transformations of oxygen functional groups. An example of such a
mechanism is decarboxylation. The free radicals can either react with volatile species or
coalesce to form a highly cross linked solid char. This newly formed char is what gives
low ranked coals their non-caking characteristic. Due to the fact that this cross linked
char is non-caking, allows for more mixing and reaction at higher temperature. This
cross linking phenomena that occurs in lignites during gasification differs than what
bituminous coals undergo when gasified. When a bituminous coal is gasified, the char
melts which forms a liquid in the coal, known as tar. This is because the micro-porous
structure of lignite is enlarged as carbon is consumed which increases diffusion across a
more open structure. As a result, the reactivity’s of low ranked coals at lower
temperatures are much higher than bituminous coals. The higher reactivity is influenced
by the larger pore structure, and the catalytic affect of organically associated cations such
as calcium, magnesium and sodium. One of the positive attributes of utilizing lignite as a
fuel source is that it the coal will form less tars than its bituminous counterpart which can

prevent problems like plugging up the reactor.
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2.5 Impurity transformations

The impurities in lignite are released during the gasification of coal. The impurities
that cause a lot of the problems are iron, sulfur, sodium and potassium. These impurities
affect the performance of gasification reactors. Depending on the type of reactor will
depend on how they affect the gasification process. With a high temperature reactor the
impurities will released. The more volatile species will travel through the process and
condense on heat transfer surfaces. This condensation will cause corrosion and wear on
these heat transfer surfaces and decrease efficiencies. Meanwhile the less volatile species
will attached themselves to the reactor walls and create a viscous, molten slag. This slag
can build up and cause physical damage as well as an increase in operating temperature
to achieve the same quality of gasification. Figure 9 is a schematic of ash deposition build
up on the inside of a reactor wall. In a high temperature reactor, such as an entrained
flow reactor, the impurities will have the same effect as in a high temperature boiler. The
rate of fouling and slagging depends on the temperature of the deposit collecting surface

and on the temperature gradient across the deposit layer.
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Figure 9: Impurity buildup of slag and temperature profile between the

furnace and slag layer

Once the impurities are released from the coal they start to deposit onto the wall and
condense based on their boiling point. Starting right after steam in figure 4, going from
left to right the dark, black region, are metal deposits, followed by alkali salts, silicates +
salts and then silicates. Metals deposit is usually due to the combustion of pyrite rich
coals. The layering affect is due to the temperature gradient across the deposits. The
temperature gets hotter as it enters different regions of the slag, and is hottest in the flue
gas. These temperature differences influence different minerals in the coal and how they
condense on to the surface. As these layers build different minerals will form their own
unique slag layer accordingly. In low temperature reactors such as fluidized bed reactors,
the impurities affect the gasification in a different way. Since fluidized beds operate at a
temperature that is below the softening point of ash, slagging is not a problem like in the
high temperature reactors. This is not to say that fluidized beds do not have their own

problems. Since fluidized bed reactors operate at lower temperatures, lower ranked coals
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are used because they are more reactive, which makes up for that lower operating
temperature. A major problem in low temperature fluidized bed reactors is agglomeration
of bed material, which results in defluidization of the reactor. This results in reactor
being offline, for repair which can cause loss in profits. Agglomeration in fluidized beds
occurs due to the high sodium content in lignite. Lignite, like most coals contain a lot of
clays, and pyrite. The high sodium in the lignite gets released and reacts with silica,
which is a common bed material in fluidized bed to form low temperature eutectics. The
sulfur is released from the pyrite and acts as a binding agent between the sodium and the
silica, the result is agglomeration. Typically fluidized beds operate in the range of 850 °C
to 950 °C. However, agglomeration typically begins at temperatures lower than the
operating temperature.. Impurities affect both high temperatures as well as low
temperature reactors. In low temperature reactors there is a more immediate effect on
process, which can result in immediate shutdown due to agglomeration. Whereas in high
temperature reactors impurities have a more of a delayed affect causing damaging
corrosion and slag affects over time.
2.6 Impacts of impurities

Impurities have a large impact on gasification process. The fuel properties of
lignite have to be considered in the design and operation of reactors. The influence of the
impurities in the ash requires larger design surface areas, and operational costs. A major
influence on impurities is the temperature. Impurities will behave at different
temperatures. Equally important the mode of occurrence will also influence the impact
impurities have on the gasification process. Lignite has a large amount of volatile matter

with inorganic minerals organically associated within the coal matrix. The impurities
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will affect both high temperature reactors as well as low temperature reactors. It’s the
same problem, but affects both situations in a unique way. With high temperature
reactors the impurities will cause slagging, corrosion and fouling on equipment. In low
temperature reactors, the impurities cause agglomeration, and corrosion on heat transfer
surfaces.
2.7 Measures to minimize impurities

2.7.1 Alternative bed materials

Since silica sand is the primary cause of agglomeration by reacting with sodium,
as well as the primary bed material, using a different bed material would cause less or no
agglomeration.  Alumina and alumina sand was investigated (Bartels, Lin, Nijenhuis,
Kapteijn, & van Ommen, 2008). It was shown that whereas with silica agglomeration
started to occur at temperatures as low as 700 degrees C with an alumina bed
agglomeration did not start until 800 degree C. the application of alumina sand was
investigated in a fluidized bed of straw pellets and the results were that agglomeration
started at 920 degrees C. the results of these experiments showed that alumina allows for
an increase in operating temperature will prevent agglomeration from occurring so
quickly (Bartels). Other bed material to replace the typical silica sand bed include:
Mullite Sand (2Si02 3AIl203), Sillimanite (Al2SiO5), Magnesium Oxide (MgO),
Magnesite (MgCO3), Limestone (CaCO3), Dolomite (CaMg(CO3)2), Ferric Oxide
(Fe203), pre-calcined Dolomite, Bauxite (high in Al), and zirconium sand (ZrSiO4). All
of this material showed an improvement to the prevention of agglomeration. It should be
noted that magnesium oxide agglomeration mechanisms are different than that of silica.

Equally important, abrasion and erosion was an issue with the pre-calcined dolomite.
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2.7.2  Mineral additives

In order to limit the low melting point eutectics from forming, one proposed
solution is to add minerals to the fluidized bed. These minerals will alter the ash
characteristics that are deposited on the bed particles. The additives react with alkalis to
form higher melting point eutectics. These mineral additives include, clay, kaosil, and
bauxite to help limit agglomeration in silica sand based bed.

2.7.3 Pre-treating coals

Pre-treating the coal involves removal of sodium by water washing the coal
before gasification. Alternatively, another avenue is to add aluminum or calcium to the
coal before gasification. This will change the ash characteristics from a low melting point
ash to a higher melting point ash (Zhang, D Jackson, P Vuthaluru, n.d.) . Pre-treating the
coal with aluminum showed the coal ash was high in Al-rich phases of high melting
points.

2.7.4 Blending of coals

This method involves blending high sodium/high sulfur lignite with a sub-
bituminous coal that has higher ash content, with lower sodium and sulfur. The idea
behind this is that the high melting point ash of the subbituminous enriches the coal with
high melting point ash and reduces the low melting point ash species (Zhang, D Jackson,
P Vuthaluru, n.d.). Research from Vuthaluru showed that irrespective of the blend ratio,
the results showed that aluminum retention in the bed ash and fly ash was higher than the
raw coal runs. This is due to the fact that there are higher levels of aluminum in the sub-

bituminous samples. Edax analysis showed in several regions the presence of sulfated ash
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Kalmanovitch Viscosity Prediction
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Figure 72: Viscosity prediction of lignite using Kalmanovitch viscosity prediction model.

The Kalmanovitch viscosity model is a modified Urbain model for predicting viscosity behavior.
The Urbain derived model is based on the known behavior of network formers and modifiers,
specifically SiO,, Al,O3, TiO,, Fe 03, CaO, MgO,K,0,Na,O (Laumb, Benson Katrinak). The

data is taken from the ash analysis of the lignite, Table 38.
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Table 14: ASTM mineral analysis of coal.

. Oxide basis
Analysis of Ash (Wi%)
Silicon Dioxide (SiO,) 19.23
Aluminum Oxide 9.2
(A,05) '
Titanium Dioxide (TiO,) 0.33
Iron Oxide (Fe,03) 7.33
Calcium Oxide (CaO) 19.64
Magnesium Oxide

5.07
(MgO)
Potassium Oxide (K,0) 0.79
Sodium Oxide (Na,O) 10.75
SO; 23.65
P,0s 0.12
Strontium Oxide (SrO) 0.54
Barium Oxide (BaO) 0.47
Manganese (MnO,) 0.1
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Table 15: CCSEM analysis of Center lignite coal.

particle size range, um | 11022 zfgo 461010 | 10t022 | 22t0 46 45050 Totals
QUARTZ 0.4 3.6 9.2 8.3 2.2 0.4 24.1
IRON OXIDE 0 0.4 0.9 0 0 1.3
PERICLASE 0 0 0 0 0 0
RUTILE 0.1 0 0.3 0 0 0.4
ALUMINA 0 0 0 0 0 0
CALCITE 0.2 0.1 1.3 0.5 0.2 0 2.2
DOLOMITE 0 0.2 0.1 0 0 0 0.3
ANKERITE 0 0 0 0 0 0 0
KAOLINITE 0.1 11 1.6 2.1 0.2 0.1 5.2
MONTMORILLONITE 0.1 0.1 0.8 0.6 0 0 1.6
K AL-SILICATE(Illite) 0.1 16 15 1 0.2 0.2 4.6
FE AL-SILICATE 0 0.4 0.6 0.3 0 0 1.3
CA AL-SILICATE 0.2 0.5 0.6 1 0 0 2.3
NA AL-SILICATE 0.1 0.3 0 0 0 0.5
ALUMINOSILICATE 0.5 17 0.5 0.1 0 2.8
MIXED AL-SILICA 0.1 0 0.5 0.4 0 0 1
FE SILICATE 0 0 0 0 0 0 0
CA SILICATE 0 0 0.3 0.1 0 0 0.4
CA ALUMINATE 0 0 0 0 0 0
PYRITE 05 3.4 8.1 10.9 4.6 1 28.5
PYRRHOTITE 0 0 0 0 0.4 0 0.4
OXIDIZED PYRRHO 0 0 0 0 0 0 0
GYPSUM 0 0 0.1 0 0 0 0.1
BARITE 0 0.3 0.8 0.2 0.2 0 15
APATITE 0.1 0 0 0 0 0 0.1
CAAL-P 0 0 0 0 0 0 0
KCL 0 0 0 0 0 0 0
GYPSUM/BARITE 0 0 0 0 0 0
GYPSUM/AL-SILIC 0 0 0.7 0 0 0 0.7
SI-RICH 0.1 0.4 4.1 2.8 0.4 0.4 8.1
CA-RICH 0.1 0.1 0.1 0 0 0 0.3
CA-SI RICH 0 0 0 0 0 0 0
UNKNOWN 0.5 1.7 5.2 3.5 0.6 0.6 12.2
TOTALS 2.6 14.2 37.7 33.7 9.2 2.7 100
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interval, this was performed to validate the accuracy of the data. A mass balance was
performed on each experiment to calculate the overall carbon conversion of the system. The
cold gas efficiency was also calculated based on the syngas composition. The syngas
composition, as well as carbon conversion and cold gas efficiency were compared to the
literature values. During the course of the experiments, agglomerates were generated and
collected. These samples were prepared and analyzed using microscopy techniques. The
agglomerates were analyzed using morphology for their elemental composition, and point

count analysis for their mineral composition.
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CHAPTER VI
Conclusion

The primary objective of this project was to design, construct, and commission a
bench scale fluidized bed reactor with lignite coal as the design fuel and to generate and study
behavior of fuel associated impurities under selected combustion and gasification conditions.
The design of fluidized bed was based on empirical correlations, fluidization and combustion
calculations and computer software simulation. The basis of the design was centered on the
minimum fluidization velocity. The fluidization and combustion calculations were checked
against a computer simulation to verify their validity. The reactor was then built and
commissioned. A number of combustion and gasification experiments were performed using a
highly reactive lignite coal from North Dakota. The results showed that the fluidized bed reactor
could be operated over a range of coal, oxygen, air, and steam flow rates. Combustion
experiments were done with air and oxygen. Carbon conversion efficiencies over 90% were
achieved. Gasification testing was conducted under air and oxygen blown and with steam only.
The system was tested for its ability to optimize syngas composition in both air and oxygen
blown conditions. Two sets of experiments, air and oxygen gasification were performed and
investigated. From these experiments the carbon conversion increased as the oxygen to carbon
ratio increased. Oxygen blow gasification compared to air blown gasification oxygen blown
gasification; oxygen blown gasification has a higher output capacity, generating a lot more
hydrogen than in air gasification. This also correlates to a higher quality syngas, which can be

seen in the cold gas efficiencies. This is a result of no
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nitrogen being present in oxygen gasification. Without nitrogen diluting the syngas, the
hydrogen, carbon dioxide, and carbon monoxide were the most abundant and is higher quality
syngas. A hydrogen rich syngas of 54% was able to be produced. The high amount of hydrogen
produced is due to the water gas shift reaction that takes place downstream of the reactor. There
IS a significant temperature drop between where the reactor is produced and where the syngas is
analyzed. The data was compared to and coincided with the literature, which further validates the
system. Bed agglomeration caused by the reaction of impurities present in the lignite with bed
particles was found to occur in both combustion and gasification conditions. The agglomerates
produced in the fluidized bed reactor were examined using scanning electron microscopy to
determine some of the bonding materials that contribute to agglomerate formation.. Based on the
analysis of the impurity generated agglomerates it was found that they mainly consisted of silica,
calcium and sodium. The mechanism by which these agglomerates formed was through the
sintering of the alkali and alkaline earth metal impurities that are present in lignite and are
typically responsible for problems in coal gasification systems. To conclude, it was possible to
build a bench scale fluidized bed reactor that was capable of producing realistic syngas
composition and realistic impurities, and the problems associate with it, to further study and

advance gasification research.
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Recommendations for Future Work

There are several modifications that can be made to improve the system operability and
performance that may depend on the application of interest. The system is very flexible and can
be operated over a range of conditions. Therefore it will be up to the operator to decide how the
fluidized bed can be used to advance current research goals. For this work the fluidized bed was
designed and optimized to produce hydrogen. However, in the experimental section, other
applications were briefly explored to show the versatility of the fluidized bed system. Besides air
and oxygen gasification to produce hydrogen, the two other applications that were explored were
oxygen fired combustion and steam hydro-gasification for retort systems. To improve the system
in its current state, some modifications need to be implemented and further experiments should
be performed. Further experiments which need to be performed mainly deal with the fluidized
bed itself. One of the main attractions of fluidized bed technology is its ability to use low ranked
coals, which are in high abundance, as fuel sources. However one of the main issues with the
utilization of lignite is its impurities, which get released and form agglomerates. These
agglomerates cause operational problems. Experiments should be performed by either adding
materials such as Kaolinite or bauxite to the bed. These are two materials which have shown to
mitigate agglomeration formation, by preventing the network modifiers (Na, Ca, Fe?*, and K)
that react with network formers (silicates) producing low viscosity liquid phases. The network
modifiers that come from the coal creating non-bridging oxygen atoms in the silicates that result
in more mobile structure that decreases melting points and viscosities. The kaolinite or bauxite
materials react with the network modifiers instead, which create a higher melting point material,

preventing liquid formation, bonding, and sintering. These two materials, as well as others
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should be investigated. Next, the bed height of the fluidized should be investigated to see how
the bed height affects the syngas, as well as hydrogen production. Initially a bed height was to
be varied for optimization coal throughput. However, experiments at one bed height were
performed and experiments focused on changing other operating parameters. The experiments
conducted as part of this thesis were performed with what is considered a deep fluid bed, where
the aspect ratio of the bed is greater than one. After analyzing the data, the actual throughput of
coal was lower than the theoretical values. As a result, the preliminary calculations and testing
indicate that a reduction in bed height will allow for both a smoother fluidization, as well as a
higher throughput of coal through the reactor. A range of 0.5 to 0.9 kg/hr of coal throughput,
compared to the theoretical 0.9 to 1.3 kg/hr. Based on these preliminary results two more sets of
experiments should be conducted to verify the preliminary calculations. One set of experiments
should be performed where the bed is close to unity, this calculation was performed in the design
chapter. And another set of experiments should be performed with a shallow bed. These
experiments would confirm that a reduced bed height would produce a higher quality syngas,
while enhancing the capacity of coal through the reactor. In order to make the fluidized bed
more practical, experiments need to be performed with different fuels. In this work the design
fuel was lignite. Fluidized beds are best suited for low ranked coals, because the chemistry of
these coals, they are more reactive than high ranked coals. Since fluidized beds need to operate at
a lower temperature to prevent ash from forming the in the bed, the high reactivity of lower
ranked coals compensates for the lower operating temperatures. Different ranked coals have
different chemistries associated with them and therefore carry their own unique set of problems

when trying to utilize them as a fuel source for fluidized gasification. Experiments should be
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performed using both bituminous and subbituminous coal to see how these fuels behave in the
system, and what quality of syngas is produced. The fluidized bed system can be used for
different applications. One possible application is to perform research chemical looping.
Modifications would have to be made to the system. Chemical looping can use coal to produce
hydrogen or using oxygen combustion to generate a concentration of carbon dioxide in the
product gas. Based on the systems capability to perform oxygen-carrier testing, as well as
product gas that is high in hydrogen, chemical looping would be a good application for this
system. Due to the fact that chemical looping uses to fluidized beds, not only would a second
fluidized need to be constructed but the current one would have to be made into a circulating
fluidized bed. Changing the system from a bubbling fluidized bed to a circulating fluidized
would also allow for research in more diverse applications. At the University of North Dakota
the fluidized bed system is in close proximity to drop tube furnace that is used for combustion
studies. Regardless of which application the fluidized bed will be used to study future work
needs to be focusing on improving the control of the system through automation. The laser gas
analyzer recorded data every thirty seconds, which allowed for a lot of reliable data to be
collected efficiently. Implementation of data recording software needs to be employed for
temperature and pressure of the system. When experiments were performed, temperature
profiles of the bed were recorded by hand. This made it more difficult to have a precise
knowledge of what is going on when interpreting data. More important then automatically
recording the temperature is recording and controlling the pressure drop across the fluidized bed.
Monitoring the pressure in the fluidized bed would give insight to the operator on how the

reactor is behaving and if there are any problems. If pressure transducers were implemented, it
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would detect more subtle pressure changes which would allow for more a more smooth operation
and give the operator some foresight to any potential problems forming inside the bed. The
ability to monitor and record pressure electronically will allow for greater insight into research

problems like agglomeration formation.
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Appendix A: Standard Operating Procedure for the fluidized bed gasifier

Shakedown Checklist:
Wear proper eye safety glasses and gloves at all times
Ensure system is clean and ready for experiments
Cyclone and condensers are cleaned
Bed material is in the reactor
Coal and additives are in the coal feeder.
Pressure leak test Performed
Insulation is on
Heat tapes are on
Water valve is opened
All necessary units are operational and on including:
Compressors
Air heater
Steam generator
Reactor heaters
Laser gas analyzer
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Turning on the compressors:

The compressors are located on the second floor of Harrington in the compressor
room in the lab. To turn on the compressors locate the blue compressor and turn the button on.
Follow the Air line and turn on the air conditioning unit. Next follow the air line and open the
valve on the first and second air tank, they are located in the middle of the tank. Follow the
vertical air line that leaves the second air tank and open the red valve near the wall. The
compressors are now on and air is flowing into the system. it is important to turn the
compressors on first before turning on any heat tapes, otherwise the heat tapes may heat up to
fast and burn out. It is also important to vent the compressors every couple of hours. To do this
go to the two air tanks, and locate the small yellow valve close to the floor. Slightly open the
valve so that air can be released.

Fill the reactor with bed material
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Compressed Air
Feeding Line
Port 1

Figure 2: Pneumatic Feeding system
To replenish the bed material place the feeding system shown in Figure 2 into the feeding port,
located on the side of the reactor. Place bed material in bin. Turn the educator on, while using
compressed air, slowly open the valve the sand will enter the reactor.
Fill the coal feeder with the desired amount of coal. And use the sanitary fitting, along with a
carbon made gasket and attach it to the coal feeding port. Ensure the both the lid of the feeder
and the feeding port are both air tight. Connect the water hose the quick release fittings around
the jacket of the screw feeder. Locate the red valve and open it to allow water to flow into the

screw feeder jacket.
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