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ABSTRACT

This dissertation deals with a novel design and the fabrication of biomass
carbonization system using microwave heating. The heating system employs multi-
feed microwave generators with 8.5 kW maximum power and 2.45 GHz frequency for
uniform heating distribution inside a 0.847 m’ cylindrical low cement castable
reactor. The new design uses chaotic signals for the microwave feeding pattern. The
experiment entailed the carbonization of 350 kg/h of coconut shells, after which the
charcoal and wood vinegar yields were analyzed while uncondensed gases were
treated to fuel the engine-generator system. The experimental results show that the
proposed system can produce high quality product yields at a significantly reduced

production time while allowing for ease of temperature control.
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Chapter 1

Introduction

1.1 Introduction

As the demand for energy from fossil fuels by industries has risen and will be
more in the future, more burdens have been put on the environment, one of which
that is a cause for concern is the subsequent accumulation of carbon dioxide in the
atmosphere and thereby rising global temperatures. As a result, many attempts have
been made to use biomass as an alternative source of energy to reduce carbon
dioxide emission into the atmosphere [1].

A leading agricultural country with numerous kinds of biomass, Thailand produces
approximately 61 million tons of biomass waste annually. However, the Kingdom has
hardly utilized biomass waste for the production of bio-fuel. Most biomass waste
from the agriculture industry was incinerated while that from agricultural activities
was either left in the fields/plantations or burned [2]. It was estimated that Thailand
could produce from available biomass over 20 million tons of crude oil, which was
more than half of the current oil consumption of the country. Consequently, greater
utilization of biomass waste should be promoted either by adding value or by
transforming into fuels or energy. In addition, the development of biomass
conversion technology suitable for biomass resources of different areas would
economically benefit both the local community and the whole nation in the long
run [3].

The carbonization process is normally employed to convert agricultural
biomass waste into biofuels, i.e., solid (charcoal), liquids (bio-liquid, wood vinegar,
pyroligneous acid), and fuelgas [4,5]. Charcoal can be made into charcoal
briquettes[6]; or induced to obtain activated carbon[7, 8, 9], wood vinegar can be
used as a substitute for the chemical pesticides[10]; and fuelgas as a fuel in internal
combustion engines or in electricity production[11]. Therefore, the processed
biomass waste and/or agricultural waste to add value would benefit the economy,
society, and environment(12]. In addition, the use of biomass waste materials from
agriculture could be an answer to the quest for a sustainable source of renewable
energy.

The carbonization process of biomass waste from agriculture is a suitable,
cost-effective technology for charcoal production in Thailand because the process
adds value to the biomass raw materials which are inexpensive and ubiquitous.

Furthermore, the process is effective in solving the problem of unwanted biomass



waste from agriculture and can be suitably and economically employed by villagers
in remote areas to produce electricity for local consumption.

There exist many technologies to produce charcoal from biomass. Also, a
number of countries, such as European countries, Australia, the United States of
America and Brazil [13], not merely promote the utilization of biomass to produce
energy but also encourage the use of energy from biomass. The carbonization
process (i.e., charcoal production) has evolved since its inception hundreds of years
ago to include multiple loads, new designs, etc. The current carbonization processes
can be categorized into two types: batch (e.g., pits, earth mound, brick and metal
kilns) and continuous (e.g., drum type pyrolysers, screw type pyrolysers, and rotary
kilns) [14]. The current charcoal production methods nevertheless are hardly
different from the traditional methods.

Both production types are plagued with many problems including energy
wastage for both types of production, time loss and environmental unfriendliness of
the batch process, all of which hinder the industrialization of carbonization 5, 14]. In
both processes, the conventional heating method is employed whereby the exterior
of the reactors is heated and then heat is transferred to biomass inside. The heat
transforms the biomass inside the reactors into biofuels, depending upon the size of
the biomass and process conditions (i.e., temperature, heating rate and residence
time). Unlike the conventional heating method, the alternative efficient heating
method, or microwave heating, causes the heat to originate from inside of materials
and migrate outward. Research studies on the thermochemical process of biomass
with the application of microwave heating have been reported and the research
results suggest that this heating method is suited to distributed conversion of large
biomass particles [15-21].

The microwave carbonization of biomass is one of the novel thermochemical
technologies whereby biomass is irradiated with microwave. The microwave
carbonization process offers several advantages over the traditional carbonization
process, some of which include uniform internal heating of large biomass particles,
ease of control, and saving of time and heat energy. As such, the microwave

carbonization is therefore adopted by industries.

The problems with microwave heating systems are the non-uniform heating on
loads or workplaces caused by the uneven distribution of electromagnetic inside the
microwave cavity. The unevenness of electromagnetic distribution results in hot

spots, cold spots, thermal runaway panorama and low product yield quality.

This thesis presents the design of a pilot-scale continuous biomass

carbonization system using multi-feed microwave heating. The chaotic pattern



signals are used to control radiation from each microwave source to create the
uniform heating distribution inside the carbonization reactor. The technique gives the

products of high quality.

1.2 Hypothesis of this study

The biomass carbonization process using microwave heating could be an
effective solution to the unwanted biomass waste problem and it requires low
energy consumption. Review of literature reveals that the main problem with
microwave heating is the non-uniform heating distribution inside the reactor.
Although this problem can be resolved with turn or conveyer and/or mode stirrer
design, it is too complicated. As such, the multi-feed microwave heating using the
chaotic signal patterns is employed.

This dissertation uses the principles and basic theories of both microwave and
biomass carbonization to form the research concept for design and fabrication of the

carbonization system that could process biomass into fuels on an industrial scale.

1.3 Objective

The objectives of this research are as follows:

To develop a pilot-scale continuous carbonization system of biomass using
microwave heating technology, which is able to produce 50 kg/hour of charcoal, 15
liters/hour of wood vinegar, and 10 kW/hour of electricity with uncondensed gases.

To apply the multi-feed microwave radiation to heat the biomass inside the

reactor of the continuous carbonization system.

1.4 Scope of study

The scope of this study is to design and fabricate the continuous
carbonization system using the multi-feed microwave heating to transform biomass

to marketable fuels.

1.5 Thesis outline

The organization of this thesis is as follows: Chapter 2 reviews the basic
theories of biomass carbonization process and microwave heating. Chapter 3 details

design of the continuous biomass carbonization system using multi-feed microwave



heating. The fabrication of the system is addressed in Chapter 4. Experiments and

results are presented in Chapter 5 while the conclusion is provided in Chapter 6.



Chapter 2
Basic Theory

This chapter briefly reviews the principle of biomass carbonization process
and basic theory of microwave heating.

2.1 Biomass carbonization

Biomass carbonization is a process to decompose biomass with heat in the
absence of oxygen and is divided into 4 stages: First, biomass is heated to 180 °¢,
the temperature at which moisture inside the spaces between cells (free water) and
at cell boundary (bound water) is completely transformed into non-pungent, non-
harmful, pale blue vapor. Second, volatiles are removed by heating the biomass at
the temperature range of 180 - 280 °C, and once the temperature reaches 280°C,
hemicelluloses are fully decomposed. The temperature is maintained at 280°C for
an extended period of time for an optimal carbonization process whereby the heat is
evenly distributed to the whole biomass inside the reactor. The yield from this stage
is of pale gray color consisting of CO, CO,, acetic acid, and methanol, all of which are
nevertheless of low quantity to be of use. Third, the derived biomass is then
converted into charcoal. The temperature range at this stage is approximately 280 -
400°C, the range at which biomass self-decomposes through the exothermic
reaction. Celluloses in the biomass rapidly decompose at 280°C and their yield is of
white and yellow colors with pungent smell and gives high quality wood vinegar if
condensed. Then, lignin decomposes at approximate temperatures of 310 - 400 °C.
Beyond 400 °C biomass is entirely converted into charcoal. Finally, charcoal quality
is improved in this final stage with removal of tar. Although biomass becomes
charcoal after approximately 400 °C, high quantity of tar remains. Tar causes the
charcoal to be of low quality and, once burned, changes into benzopyrene and
dibenzanthracene, both of which are carcinogenic. Therefore, charcoal is dried at 500

- 600°C for a period of time to remove tar [4]. The product yields from the biomass
carbonization system is presented in Figure 2.1.
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2.2.5 Microwave heating

Microwaves are used for their ability to heat materials, which is based on the
ability of materials to absorb electromagnetic energy. In industrial application,
microwave heating is performed at a frequency between 900 MHz and 2,450 MHz.

2.2.6 Dielectric properties of material

The loss tangent, tand, represents the efficiency of the material to convert
absorbed into heat and is used commonly to describe the dielectric response [24].

tan§ = E;,- (2.24)

The angle § is the phase difference between the oscillating electric field and
the polarization of the material.

The permittivity, €, also known as the dielectric constant, describes the
response of a dielectric material to an electric field and is determined by the ability
of a material to polarize in response to the applied electric field. In microwave
heating, knowledge of the dielectric properties is crucial in determining the response
of the material to microwave. In the heating of dielectric materials, it is assumed that
the magnetic field does not contribute to microwave absorption, and heating occurs
entirely due to the electric field. Where ¢ refers to the dielectric loss factor,
representing the ability of material to store energy.

The dielectric properties vary with temperature and frequency. Figure 2.4 [25]
shows the variation in dielectric properties of water at different frequencies and
temperatures. Figure 2.5 shows the dielectric properties of wood (density = 500 kg
m-3) as a function of frequency and moisture content varying between 0 % and 100
% on a dry wood basis [25]. In addition, the dielectric properties of the material are
also affected by many other factors, such as purity, chemical state and

manufacturing process.
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Permeability, . describes the response of a material to a magnetic field,
while u represents the magnetic loss factor due to relaxation and resonance
processes under the influence of an alternating magnetic field [24].

Permeability controls the penetration depth: the higher the permeability, the
less an electromagnetic wave will penetrate into the material.

2.2.7 Penetration Depth

Penetration depth, d, is a measure of the depth of microwave penetration
into a material. The penetration of the field is defined as the distance from the
surface of the material at which the magnitude of the field strength reduces to 1/e
(= 0.368) of its value at the surface [8]. The penetration depth of the electric field
can be expressed by Equation (2.25).

d=1/a (2.25)

where ais attenuation factor and can be presented as

a= w (ﬂ%ﬁ)l/ : [ + (/)52 —1]* Np/m (2.26)

a= 2nf (ﬁ°—“2'£°—£)1/2 [(1 + (tan 8)2)1/2 —1]'/? (2.27)
As seen in Equation (2.27), the penetration depth is inversely proportional to the
frequency of electromagnetic field.

The power penetration depth, D,, can be defined as the distance at which
the power density reduces to 1/e of its value at the surface[34] and is half of the
value of the electric field penetration depth, d.

Dp==2 (2.28)
Or

b, = 73 (2.29)
2nf | (1+(tan 52)% 1 /

v 2

for small tan 8, in Equation (2.29) reduces to

D = £

seonis (2.30)
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2.2.8 The dielectric heating equation
The dielectric heating equation in microwave heating can be expressed as

p = 2nfeg€ Elns (2.31)

2.2.9 Thermal runaway

Thermal runaway, as shown in Figure 2.6, is a condition which arises when the
power dissipation in a small elemental volume within a workload exceeds the rate of
heat transmission to its surroundings such that the rate of increase in enthalpy is
greater than in its neighbors [23]. The temperature increases faster than in the
surroundings until decomposition occurs. Thermal runaway invariably degenerates
into arcing, and it is often difficult to decide which sequence of events has occurred.

Y
tCr
200
]

100

tmetsy
o v
¢ 500 1000 1900 2000

Fig. 2.6. Normal response (a) and thermal runaway
(b) under microwave heating [23].

In real experiments, the mechanisms involved in thermal runaway are very
complicated and almost impossible to quantify. It is a statistical phenomenon
around which operational conditions are set so that the probability of a runaway
incident is within acceptable bounds, conditions which can only be determined by

experiment.
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The guidelines for design to avoid thermal runaway:
(a) Operate with as low a mean power density as possible;
(b) Design the feed system of the cavity (applicator) to give as uniform an
illumination as possible, specifically avoiding field concentrations;
(c) Ensure that the workload is uniformly spread in the cavity

2.2.10 Cavity and feeding systems

The cavity is a space enclosed by inner metal walls in which workload
interacts with microwave. There are many ways to couple microwave energy into the
cavity. A waveguide is generally used to launch the energy from the microwave
source into the cavity as it has the advantage of minimizing the reflected power. Its
position is important to determine the distribution of energy inside the cavity [23,24].

From review of the theories as previously mentioned, this dissertation focuses
on the design and fabrication of the multi-feed cavity which allows for uniform
heating to mitigate the thermal runaway effect of the workload in the carbonization
reactor. The design and fabrication will be described in chapters 3 and 4.

2.3 Chaotic system

Chaos refers to one type of the complex dynamical behaviors that possesses
some of the very special features such as extreme sensitivity to tiny variations of
initial conditions, long-term unpredictation, bounded and unbounded trajectories in
the space, bifurcation, fractions and strange attractors [26-28]. Examples of chaotic
systems include nobody problem, turbulent flow of fluids, liquid mixing, chemical
reactions, biological and economic systems, and robotic systems [29,33]. The logistic
map is a popular model for the growth of a single-species population having non-
overlapping generations. The simple modified mathematical form of the logistic map
is given as Equation (2.32), where a is the chaos parameter between 3.5 to 4. As
shown in Figure. 2.7, chaos is sensitive to the initial condition. Mathematically, the

logistic map equation is written as

fx)=rx(1—x) (2.32)
where:

x is a number between zero and one,

ris a positive number and represents the chaotic growing.
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2.3.1 Bifurcation

Bifurcation is a two-dimensional diagram to observe the solution value of
variation behavior of a system when a coefficient of the system is changed. As seen

in Figure. 2.7, when a coefficient of the logistic equation, r, is varied from 3.4 to 4.
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Fig. 2.7. Bifurcation diagram of logistic map [29].
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Chapter 3
Design of the continuous microwave biomass

carbonization system

Chapter 2 reviews the principle and theories used in this thesis while this
chapter presents the design of the continuous microwave biomass carbonization
system. The requirements of this continuous microwave biomass carbonization

system are tabulated in Table 3.1.

Table 3.1 Technical data of the continuous microwave biomass carbonization

system.
ltem Description
1 Quantity of charcoal yields 50 kg/hr
2 Quantity of wood vinegar 15 lit/hr
3 Electricity generated 10 kw, 220V, 50 Hz
4 Operating system type Continuous

As the product yields by carbonization of the traditional biomass (i.e., palm
shells) was 120 kg/25 hours as shown in Table 3.2, this research work thus assumed
that approximately 350 kg/hour of coconut shells, raw material of this work, was
required as input of this carbonization system to obtain the product yields as seen
in Table 3.1.

Table 3.2 Product yields by carbonization of the traditional biomass (palm shell).

Item Product %wt Yields
1 Charcoal 20 - 25 30 ke.
2 Wood vinegar 17 - 25 25 lit.
3 Gas ~ 50 ~60m’

3.1 Review of continuous microwave biomass carbonization system

Crushed biomass waste is conveyed with the bucket elevator to a hoper on
top to dehydrate and the carbonization reactor inside the cylindrical cavity fixed with
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