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CHAPTER 1

Introduction

1.1 Thesis Topic

1¥199NaY  Prototype development of small scale transportable fuel production
system for agricultural byproducts
Awlng MINAILNFULUUSTUURAATamAsLU AR Ui e lduunadndmsuanuae

INNITENEH S

1.2 Keywords

Cassava rhizome
Peanut shells
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Nickel

Char

Dolomite

ASPEN PLUS

1.3 Background

Fossil fuels resources are declining rapidly while their usages raising the
problems of global warming and numerous other environmental impacts. To
overcome these problems, expanding the use of biomass has been suggested as an
alternative option to conventional ones (Basu, 2010b). Biomass can be converted
into energy and other chemicals products via thermochemical processes.
Combustion, pyrolysis and gasification are the three main thermochemical
conversion methods. Gasification is partial thermal oxidation, which results in a high
proportion of gaseous products. This technology is more proper to be applied to
biomass than coal due to their comparatively high H/C ratio. The gas produced can

be standardized in its quality and is easier and has more all-around usage than the



original biomass e.g. it can be used to power gas engines and gas turbines or as
chemical feedstock for the production of liquid fuels (Olgun et al., 2011).

A downdraft gasifier is a co-current flow reactor where biomass is fed at the
top and air intake enters at the top or throat section and flows in the same direction
as that of biomass. The product gas flows downward and leaves through a bed of
hot ash. This enables cracking of tar during the gasification process due to gas
passage through a high-temperature zone. For this reason, the advantage of a
downdraft gasifier was higher conversion efficiency with a low tar and particulate
matter generations. Imbert downdraft gasifier is the close top gasifier with a throat
section at the reactor core. The throat in the gasifier design plays important role in
reducing the tar concentration in the producer gas. The downdraft gasifier was
developed to convert high volatile raw materials to low tar fuel gas and has been
proven to be one of the most effective design for power generation. The reasons for
designing Imbert type gasifier as a modular (small scale transportable) downdraft
gasifier used in this experiment are that a modular gasifier is suitable for remote area
since collection and costly transportation of biomass raw material are not required
while the capital cost can be kept low. Additional benefit in such a rural setup
mechanism is the possibility of the utilization of various wastes from the local
agriculture and industry. Lately, the researches in the downdraft gasification have
been intensified in order to improve its performance, e.g., Dogru et al. (2002) studied
gasification of hazelnut shells in a downdraft gasifier, the quality of product gas is
found to be dependent on the smooth flow of fuel. Sheth and Babu (2010) have
investicated on producer gas generated from wood waste in a downdraft biomass
gasifier and examined the reliability of the results by performing material balance. In
addition, Zainal et al. (2002) investigated the downdraft gasifier using wood chips
and charcoal by varying the equivalence ratio. Skoulou et al. (2008) made a
comparison study in performance of tree cutting and olive kernels. They reported
that H, yield in gas production of raw materials could be increased by rising
temperature. In addition to the gasification by downdraft facility, many research
teams applied this method on variety biomass (Jain et al., 2000), (Demirbas, 2001),
(Jayah et al., 2003; P. M. Lv et al., 2004), (Wander et al., 2004), (Hanaoka et al., 2005;



Yoon et al,, 2012), (Tinaut et al., 2008), (Olgun et al,, 2011; Sharma, 2009), (Martinez
et al,, 2012), (Gai et al., 2012), and (Pérez et al., 2012).

As feedstock of downdraft gasification, various biomasses have been
intensively used in the previous works including many agricultural residues and
wastes. However, cassava rhizome and peanut shell waste are rarely tested in
downdraft gasification. Therefore, these agricultural residues will be applied as
feedstock in this study. Cassava rhizome is a part of the neck between trunks and
tuberous roots, which become the residue from cassava plantations. According to
the recent survey in Thailand, approximately 7 million acres of cassava plantation
could yield 25 million tons of cassava roots. Usually, the current practice of cassava
rhizome residue management is open burning, which releases not only the
greenhouse gases but also other pollutions as well as loss of energy. Therefore,
utilization of cassava rhizome as energy source by gasification has potential to
resolve this environmental problem while generating useful fuel gas products and
power. Peanut plantation is a common agricultural in Asia. Worldwide peanut
production was 40.18 million tons, of which 50,000 tons were produced in Thailand
(El-Siddig et al., 2006). Thai peanut shell residues from peanut process plant were
used as raw material for this study. Although these residues have high heating value,
peanut shell wastes are usually burned by combustion, not gasification process
which is a more efficient process. Their high heating value and low moisture content

are appropriate with gasification process.

In order to improve gasification efficiency, a thermal integration and catalyst
unit was coupled to the main reactor. Thermal integration unit is a gas circulating
heat exchanger that returns hot fuel gas exiting the gasifier back to drying and
pyrolysis zone in addition to increase residence time to cracking and reforming the
product gas from the gasifier. The catalytic cracking is recognized as the most
efficient method to eliminate the tar in the produced gas. Nickel catalysts are highly
effective on tar removal and hydrogen yield improvement. These catalysts are
normally supported by natural materials, for example, dolomite, olivine, and active

charcoal (Bulushev et al.,, 2011; McKendry, 2002b). Char, a carbonaceous product of



pyrolysis, may also be applied as catalyst for tar reforming when used in the
secondary reactor. Chars have been reported to be inexpensive support and also an
excellent adsorbent (McKendry, 2002b). Many researchers have studied Ni and metal
catalyst on char support for biomass gasification to reduced tar content in
production gas. Wang et al. (2011) investigated char and char support nickel catalyst
for secondary syngas cleanup and conditioning. Ni/Coal-char and Ni/wood-char
convert 97% of tar in syngas at 800°C with 15% NiO loading. Shen et al. (2014) also
studied the iron supported on biomass char and brown coal char which were used as
a hot gas cleaning catalysts. The result suggested that catalysts would decrease CO,
and CHy and increase H, and CO in the product gas. Miao et al. (2010) , studied
decomposition of acetic acid using porous dolomite pellets catalyst at 800°C. They
found that 99.70% of acetic acid was decomposed and the porous dolomite pellets
were much more effective than the natural dolomite particles. Wang et al. (2012)
observed the steam gasification of MSW with NiO supported on modified dolomite
and reported that the catalysts could eliminate tar in the gas production and
increased the hydrogen vyield. Therefore, char from cassava rhizome pyrolysis and
dolomite pellets were used as catalyst support in this study.

Simulations model can be helpful for prediction of operational behavior,
efficiency of gasification system, startup, change of biomass, change of loading. The
Advanced System for Process Engineering (ASPEN) process simulator has been used
by different investigators to simulate the gasification process. Ramzan et al. (2011)
established steady state simulation model for biomass gasification using ASPEN PLUS.
They concluded that the model can be used as a predictive tool for optimization of
the gasifier performance. Keche Amba et al. (2015) explored the simulation of
biomass gasification in downdraft gasifier for different biomass using ASPEN PLUS. This
model developed with ASPEN PLUS is validated with data obtained from four types
of biomass. This model well predicted composition of H,, CO, and CO, while under
predicted the CH,.

The objective of this research is to study the gasification of peanut shell
waste and cassava rhizome with modular downdraft gasifier. The present study is to

investigate the effects of air flow rate, biomass particles size, addition of thermal



integration unit and catalyst unit on biomass gasification efficiency. The performance
of biomass gasification was evaluated in term of zone temperature, producer gas
composition, conversion, air superficial velocity, biomass consumption rate,
gasification efficiency, and specific gasification rate at various conditions.

The fuel gas produced from the gasification unit was combined with a small
gas engine system (based on LPG fuels) for power generation. In addition, this
research was to develop a steady state simulation for biomass gasifier to predict the
gas composition using ASPEN PLUS. The results obtained through the model are
validated with the experiment results from this modular downdraft gasifier.

1.4 Research objectives

1.4.1 To modify an Imbert typed small scale transportable downdraft gasifier
system coupled with heat recovery and catalyst unit for upgrade fuel gas production
and reduced tar content.

1.4.2 To investigate the effect of air flow rate and biomass particle size on
conversion of raw material to fuel gas.

1.4.3 To study the effect of the secondary catalytic cleaning and upgrading
with Ni/char and Ni/dolomite pellet catalysts on fuel gas produced from the
gasification unit.

1.4.4 To study the potential of the power generation through gas engine using
fuel gas produced from the gasification unit.

1.4.5 To predict product distribution from gasification of agricultural
byproducts using Advanced System for Process Engineering (ASPEN).

1.5 Research Hypothesis

1.5.1 Imbert type downdraft gasifiers coupled with heat recovery and catalyst
unit can convert more than 80% of carbon and hydrogen contents in selected
agricultural by products to fuel gas.

1.5.2 Advanced System for Process Engineering (ASPEN) can be used to
estimate the yield of fuel gas from gasification agricultural byproducts within +/- 15%

of experimental measurement.



1.6 Scope of work

1.6.1 Modified a small scale downdraft gasifier.

- Build an Imbert typed downdraft gasifier with a throat section to reducing
the tar content in the producer gas.

- Modified the gasifier with the thermal integration unit to improve heat
recovery.

- Feeding system by auger motor with level fuel sensor.

1.6.2 Gasifier tests with agricultural by products.

- Use cassava rhizome and peanut shell waste as raw material.

~ The effect of air flow rate at 1.62-3.05 m /hr and biomass particle size.

1.6.3 Cleaning and upgrading with Ni catalyst on char and dolomite pellets
support on fuel gas produced.

- Preparation of the char support from cassava rhizome with the tube reactor
by slow pyrolysis.

- Preparation of dolomite pellets support by extrusion.

- Ni/char and Ni/dolomite pellet catalysts were prepared by the impregnation
method using Ni(NO3),.6H,0.

1.6.4 The gasification unit was combined with a small gas engine system and
utilizing Advanced System for Process Engineering PLUS (ASPEN PLUS) model to

predict the composition of gas from this downdraft gasifier.

1.7 Benefit of research

1.7.1 The optimal conditions for the production of fuel gas from agricultural
by downdraft gasifier.

1.7.2 The added value of biomass from agricultural byproduct and approach
to development the potential of biomass utilized to fuel gas.

1.7.3 Prototype development of small scale transportable fuel gas production

system for agricultural by products at community level.



CHAPTER 2

Theory and Literature Review

2.1 Biomass Thermal Conversion Processes

Biomass can be converted into useful forms of energy using a number of
different processes. The choice of conversion process are the type and quality of
biomass feed stock, the desired form of the energy, end used requirements,
environmental standard, economic conditions, and project special factor (McKendry,
2002a). Conversion of biomass to energy is undertaken using two main process
technologies: thermochemical and biochemical. In thermochemical conversion, the
entire biomass is converted into gases, which are then synthesized into the desired
chemicals or used directly. Production of thermal energy is the main driver for this
conversion route that has four broad pathways: Combustion, Pyrolysis, Gasification,
and Liquefaction. Combustion involves high-temperature conversion of biomass in
excess air into carbon dioxide and steam. On the other hand, gasification involves a
chemical reaction in an oxygen limited environment. Pyrolysis takes place at a
relatively low temperature in the total absence of oxygen. In liquefaction, the large
feedstock molecules are decomposed into liquids having smaller molecules.
Gasification is partial thermal oxidation which results in a high proportion of
combustible gaseous products. Biomass can be converted into various products via
gasification processes. Thermal processes have high throughputs and can, in

principle, operate on any biomass form (McKendry, 2002a, 2002b).
2.2 Biomass

Biomass is a renewable energy source because the conversion formed
through the process of photosynthesis, chlorophyll in the plants captures the sun
energy by the absorption of carbon dioxide from the atmosphere and water from the

ground into carbohydrates, complex compounds of carbon, hydrogen, and oxygen.



2.2.1 Structure of Biomass

Biomass is a complex mixture of organic materials such as carbohydrates, fats,
and proteins. Additionally a small amounts of inorganics such as sodium,
phosphorus, calcium, and iron. The main components of plant biomass are
extractives, fiber or cell wall, and ash as shown in Figure 2.2.

- Extractives: Substances present in vegetable or animal tissue that can be
separated by successive treatment with solvents and recovered by evaporation of
the solution. These include protein, oil, starch, sugar, etc.

- Cell wall:  Provides structural strength to the plant, allowing it to stand tall
above the ground without support. A typical cell wall is made of carbohydrates and
lignin. Carbohydrates are mainly cellulose or hemicellulose fiber, which impart
strength to the plant structure; the lignin holds the fibers together. These
constituents vary with types of plant.

- Ash: The inorganic component of the biomass after burning.

| Biomass conversion ‘

‘ Biochemical route ‘ ‘Thermochemical route‘
[
| |
‘ Digestion H Fermentation ‘*{ Pyrolysis ‘
A = ~{ Gasification ‘
naerobic
Aerabic Supercritical water |
Air/Oxygen |
Steam |

—‘ Liquifaction ‘

*‘ Combustion ‘

Figure 2.1 Biological and chemical processes for conversion of biomass into fuel,

gases, or chemicals (Basu, 2010a).
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Figure 2.2 Major constituent of a woody biomass (Basu, 2010a).

2.2.2 Constituents of biomass cells

1. Cellulose

Cellulose is the primary structural parts of cell walls in biomass, and it can be
represented by the generic formula (C4H;40s),,. Cellulose is a long chain polymer with
a high degree of polymerization and a large molecular weight (Figure 2.3). It has a
crystaline structure of thousands of unit, which is made up of many glucose
molecules (Klass, 1998a). Cellulose is primarily composed of d-glucose, which is
made of 6 carbons or hexose sugar. The cellulose is a dominant component of wood

about 40-44% by dry weight.
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Figure 2.3 Molecular structure of cellulose (Basu, 2010b, 2013a).

2. Hemicellulose

Hemicellulose has a random, amorphous structure with little strength. It is a
group of carbohydrates with a branched chain structure and a lower degree of
polymerization, and may be represented by the generic formula (CsHgOg),.. In Figure
2.4 is shown the molecular arrangement of a typical hemicellulose molecule, or
xylan. Hemicellulose molecule is smaller than that of cellulose, it breaks down more
easily than cellulose and many hemicelluloses are soluble in alkaline solution such
as NaOH and KOH. Hemicellulose tends to yield more gases and less tar than

cellulose. It constitutes around 20-30% of dry weight.
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Figure 2.4 Molecular structure of a typical hemicellulose, xylan (Basu, 2010b, 2013a).

3. Lignin

Lignin is a complex highly branched polymer of phenyl propane units and is
an integral part of the secondary cell walls of plants. It is primarily a three
dimensional polymer of 4-propenyl phenol, 4-propenyl-2-methoxy phenol, and 4-
propenyl-2.5-dimethoxyl phenol (Figure 2.5). The complex three dimensional
structures are decomposed with difficulty by microorganisms and chemicals, and its
function is therefore thought to be conferring mechanical strength and protection. A
typical hard wood contains about 18-25%, while range of 25-35% in softwood
contains by dry weight.

CH;0
Lol I | |
HO C-C-C— HO C-C-C— HO C-C-c-
Ul P P
CH;0 CH,0

Figure 2.5 Some structural unit of lignin (Basu, 2010b, 2013a).

2.2.3 Biomass characteristics related to gasification

1. Moisture content

The moisture content of biomass is defined as the quantity of water in the
material expressed as a percentage of the material weight. This weight can be
referred to on a wet basis, on a dry basis, and on a dry-and-ash free basis. For
thermal conversion process like gasification, preference is given to relatively dry
biomass feed stock because a higher quality gas is produced. Natural drying is cheap
but requires long drying times. Artificial drying is more expensive but also more
effective. In practice, artificial drying is often integrated with the gasification plant to
ensure a feedstock of constant moisture content. Then biomass drying process using
waste heat from engine/turbine industry plant.

2. Ash content and composition
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Ash is the inorganic or mineral content of the biomass, which remains after
complete combustion. The amount of ash in different type of feed stock varies
widely and influences the design of the reactor, and particularly the ash removal
system. The chemical inorganic matter in biomass fuel, because it affects the melting
behavior of the ash. In Combustion process, the ash can reacts to from a slag, a
liquid phase formed at elevated temperatures.

3. Elemental composition

The generic formula for biomass is CH;4Og on dry ash free basis. The
elemental composition of the fuel is important with respect to the heating value and
the emission levels in almost all application. The production of nitrogen and sulfur
compounds is generally small in biomass gasification because of the low nitrogen
and sulfur content in biomass.

4. Heating value

The biomass heating value is determined by the elemental composition, the
ash content of the biomass and in particularly on the fuel moisture content. On a
dry and ash free basis, the average heating value 19 MJ/ke. The heating value of any
fuel can be measured with bomb calorimeter. Several empirical formulas exist to
calculate the heating value from its elemental composition (Higman et al., 2008b).
The higher heating value is the total energy content released when the fuel is burnt
in air, including the latent heat contained in the water vapor and therefore
represents the maximum amount of energy potentially recoverable from a given
biomass source. The actual amount of energy recoverable energy will vary with the
conversion technology, as with the form of that energy i.e. combustible gas, oil,
steam, etc. In practical terms, the latent heat contained in the water vapor cannot
be used effectively and therefore, the LHV is the appropriate value to use for the
energy available for subsequent use.

5. Bulk density and morphology

The bulk density refers to the weight of material per unit of volume. It differs
for various types of biomass. ith the heating value, it determines the energy density
of the gasifier feedstock. The importance of the as produced, bulk density is in

relation to transport and storage costs. Apart from handling and strong behavior, the
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bulk density is important for the performance of the biomass as a fuel inside fixed
bed reactors: a high void age tends to result in channeling, bridging, incomplete
conversion and decrease in the capacity of the gasifier. The biomass size distribution
are important in determining the pressure drop over the fuel bed and for satisfactory
operation. Uniform particle size and favorable particle properties are usefulness for
avoid such problems.

6. Volatile matter content

Volatile matter is important components for characterization of biomass fuel.
The amount of volatile has an impact on the tar production levels in gasifier.
Depending upon the gasifier design, the volatiles leave the reactor at low
temperature. Normally, the volatile matter content in the biomass materials varies
between 50 and 80 wt%.

2.3 The gasification process

Gasification is the conversion of solid or liquid feedstock into gaseous fuel or
chemical feedstock which can be burned to release energy or used for production of
value-added chemicals. Gasification and combustion are related thermochemical
processes, but there is an important difference between them. Gasification packs
energy into chemical bonds in the product gas while combustion breaks those bonds
to release the energy. The gasification process adds hydrogen to and strips carbon
away from the feedstock to produce gases with higher hydrogen-to carbon (H/C)
ratio, whereas combustion oxidizes the hydrogen and carbon into water and carbon
dioxide, respectively. Gasification processes convert biomass into combustible gases
that ideally contain all the energy originally present in the biomass. In practice,
gasification can convert for 60% to 90% of the energy in the biomass into energy in
the gas phase. Gasification processes can be either direct (using air or oxygen mediate
to generate heat through exothermic reactions) or indirect (transferring heat to the
reactor from the outside). The gas can be burned to produce industrial or residential

heat, to run engines mechanical or electrical power, or synthetic fuels (Basu, 2010b)
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2.3.1 Gasifying Mediums

Gasifying agents react with solid carbonaceous and heavier hydrocarbons to
convert them into low molecular weight gases for CO and H,, The main gasifying
agent used for gasification are oxygen, steam, and air (Table 2.1). The heating value
and the composition of the gas produced are strong functions of the nature and
amount of gasifying agent used. The diagram of carbon, hydrogen, and oxygen
demonstrates the conversion paths of formation of different products in a gasifier.

Oxygen is used as the gasifying agent, the conversion path moves toward the
oxygen corner. Its products include CO for low oxygen, while CO, for high oxygen.
When the amount of oxygen exceeds a stoichiometric amount, the process moves
from gasification to combustion product is flue gas instead of fuel gas. If steam is
used as the gasifier agent, the path is toward the hydrogen corner in Figure 2.6. Then
the product gas contains more hydrogen per unit of carbon, resulting in higher H/C
ratio. The gasifying agent affects the heating value of the product gas. If air is used
instead of oxygen, the nitrogen in it greatly dilutes the product gas. The oxygen

gasification has the highest heating value followed by steam and air gasification.

Gaseous: Combustion
fuel 1 products

Q

co CO,

Figure 2.6 C-H-O diagram of the gasification process; H hydrogen; S steam; O oxygen;
P slow pyrolysis; F fast pyrolysis (Basu, 2010b).
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Table 2.1 Heating value for production gas based on gasifying medium (Higman et al,,

20080).

Medium Heating Value (MJ/Nm°)
Air 4-7
Steam 10-18
Oxygen 12-28

2.3.2 Gasification Reactions and Steps

A typical gasification process generally follows the sequence of steps shown
in Figure 2.7. In a typical process, biomass is the first dried and then it undertakes
thermal degradation or pyrolysis. The products of pyrolysis react among themselves
as well as with the gasifying medium to form the final gasification product.

Gasses

(CO, Hz,
CH4, H20)

Liquids Gas-phase reactions CO, Hz, CHa,

(tar, oil, _ — H,0, CO»,
naphtha) (cracktl)ng, refornr;ufr:)g, cracking +5%
. ; . combustion, shi oduct
Drying p»{ Pyrolysis Oxyenated products
compounds
(phenols, acid)
_ _— . CO, Hy, CHy,
Solid Char gasification reactions Ho0, CO»
(char) (gasification, " unconverted
combustion, shift) carbon

Figure 2.7 Potential paths for gasification (Basu, 2010b).

1. Drying

Every kilogram of moisture content in the biomass requires a further 2260 kJ
to vaporize water, and the energy is not recoverable. The final drying take place after
the feed enters the gasifier, where it received water. Above 100°C, the loosely
bound water that is in the biomass is irreversibly removed. As the temperature rises,
the low molecular weight extractives start volatilizing. This process continues until a
temperature of approximately 200°C is reached. The moisture content is affected in
the gasification process, as the moisture content increase means that more energy is

required for water evaporation reaction. For the production of a fuel gas with a
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discreetly high heating value, the moisture content in biomass are 10-20% preferably
prior to enter in the gasifier (Babu et al.,, 2004). The optimum moisture content in
biomass was 10.82 wt% when gasified pine bark feed stock with downdraft reactor.
The result was similar to (Hosseini et al., 2012; Ruiz et al,, 2013) when the moisture
fraction of the biomass entering was increased the exergy efficiency of biomass
gasification process decreased.

2. Pyrolysis

Pyrolysis is a thermal decomposition processes that breakdown of larger

hydrocarbon molecules of biomass into smaller gas molecules. This process occurs

between 150 to 400°C, and results in the formation of char along with gases. The
main gas components are H,O, CO,, H,, and hydrocarbons. The hydrocarbon fraction
includes methane and organic compound (tar). For this process, one important
product of pyrolysis is tar formed through condensation of the condensable vapor
produced in the process. Being a sticky liquid, tar are creates a great deal of difficulty
in industrial use of the gasification product. The breakdown of hydrocarbon fraction
may be influenced by various parameters such as particle size, pressure,
temperature, heating rate and residence time (Babu et al., 2004). In a slow pyrolysis
type, the solid product moves toward the carbon corner of the diagram Figure 2.5,
and more char is formed. In fast pyrolysis type, the process moves toward the C-H
axis opposite the oxygen corner. The oxygen is largely reduced, and thus we expect
more liquid hydrocarbon.

3. Combustion reaction

Most gasification reactions are endothermic. To provide the required heat of
reaction as well as that required for heating, drying, pyrolysis, reduction, a certain
amount of exotermic combustion reaction is allowed in a gasifier. The combustion
reaction (R5) is the best in this regard as it gives the highest amount of heat 394
kJ/k.mol of carbon consumed. The carbon reaction (R4) produces the CO, but
produces only 111 kJ/kmol of heat. The rate reaction of R4 is relatively slow. When

carbon comes in contact with oxygen, both (R4) and (R5) can take place, but their
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extent depends on the temperature zone. The combustion reactions are usually

faster than gasification reaction under similar condition.

Table 2.2 Typical gasification reaction at 25°C (Higman et al., 2008a)

Reaction Type Reaction KJ/mol

Carbon Reactions (R)

Boudouard (R1) C+ CO, <= 20 +172

KJ/mol

Water gas or steam (R2) C+H,O <> 0+ H, +131

Hydrogasification (R3) C + 2H, <> H, 74.8

(R4) C +0.50, —> 0 111

Oxidation Reactions

(R5) C+0, — o, -394

(R6) CO + 0.50, — o, 284

(R7) CHq + 20, < CO, + 2H,0 -803

(R8) H, + 0.50, — H,0 242

Shift Reaction

(R9) CO + H,0 <> O, +H, 41.2

Methanation Reactions

(R10) 2CO + 2H, —  (CH,+ CO, 247

(R11) CO + 3H, < CHy+ H,0 206

(R12) CO, + GH, ™ CH, + 2H,0 165

Steam Reforming

Reactions

(R13) CH4 + H,O < CO + 3H, +206

(R14) CHg + 0.50, > O+ 2H, 36
4. Reduction

The gasification steps are followed in the pyrolysis involve reactions among

the hydrocarbons in fuel, steam, carbon dioxide, oxygen, and hydrogen in the

reactor. The char produced from pyrolysis of biomass is not necessarily pure carbon.
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It contains a certain amount of hydrocarbon containing hydrogen and oxygen.
Gasification of biomass char involves reactions between the char and the gasifying
mediums. The gasifying agent like oxygen, carbon dioxide, and steam react with solid
carbon to convert into lower molecular weight gases like carbon monoxide and
hydrogen are shown in the table 2.2. Gasification reactions are generally
endothermic, but some of them can be exothermic as well. For example, the
reaction of carbon with oxygen and hydrogen ((R3), (R4), and (R5) in the table 2.2) are
exothermic, whereas those with carbon dioxide and steam (R1 and R2) are
endothermic.

- Boudouard reaction model

Boudouard reaction is known as the egasification of char in carbon dioxide.
Blasi (2009) (Di Blasi, 2009) have been described the Boudouard reaction through the
following steps. The first step, CO, dissociates at a carbon-free active site (Cr),
releasing carbon monoxide and forming a carbon-oxygen surface complex, C(O). This
reaction can change in the opposite direction as well, forming a carbon active site
and CO, in the second step. In the third step, the carbon oxygen complex produces

a molecule of CO.

CO + CO, , 200

Cras + CO; T C(0) + CO (step 1)
C(0) + CO AU Y Ce. + CO, (step 2)
C(O) ok L O (step 3)

where the ki is the rate of the ith reaction, the rate of char gasification
reaction to CO, is insignificant below 1000K.

- Water Gas Reaction model

The gasification of char in steam, known as the water-gas reaction, its perhaps

the most important gasification reaction.

C +H,0 — CO +H,
Cras + H20 —2 C(O)+H, (step1)
C(0) + H, —© , Cie + H,0 (step 2)

() — = co (step 3)
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The first step involves the dissociation of H,O on free active site of carbon
(Crae). Hy was released and formed hydrogen on a surface oxide complex of carbon.
In the second and third steps, the surface oxide produces a new free active site and
a molecule of CO (Di Blasi, 2009).

- Shift reaction model

The shift reaction is a necessary gas-phase reaction (R9). It increases the
hydrogen distribution in the gasification product at the loss of carbon monoxide
(Klass, 1998b). This is a pre-step in syngas production in the downstream of gasifier,
which the ratio of hydrogen and carbon monoxide in the production gas is critical.
The shift reaction is slightly exothermic, and its equilibrium yield proportion
decreases with temperature. Depending upon temperature direction on products or
reactants, but is not sensitive to pressure.

- Hydrogasification Reaction model

This reaction (R3) involves the gasification of char in a hydrogen environment,
which leads to the production of methane. The reaction rate is slower than other

reactions.

2.4 Gasifier type

Gasifiers types are classified on the basis of their gas and solid contacting
mode. The broadly gasifiers are divided into three principal types: fixed bed, fluidized
bed, and entrained flow. Each is further subdivided into specific types as shown in
figure 2.7. One gasifier type is not necessarily suitable for the full range of gasifier
capacities, there is an appropriate range of application for each. For example, the
fixed bed type is used for smaller units (10 kWth-10 MWth); the fluidized-bed type is
more appropriate for intermediate units (5 MWth-100 MWth); entrained-flow reactors
are used for large-capacity units (>50 MWth). In Figure 2.9, the overlapped range of
application for different types of gasifiers developed with data from (Maniatis, 2008).
In entrained-flow and fluidized-bed gasifiers, the gasifying medium conveys the fuel
particles through the reactor, but in a fixed-bed (sometimes called moving bed)

gasifier the fuel is supported on a grate. The movement in the flow of biomass as it
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passes through the reactor, though some authors refer to this type of reactor as fixed
bed. Inexpensively fixed bed gasifiers can be built in small scale, which is one of their
major attractions. For this reason, large numbers of small-scale fixed-bed biomass
gasifiers are in use around the world. Both mixing and heat transfer within the fixed
bed are rather poor, which makes it difficult to achieve uniform distribution of fuel,
temperature, and gas composition across the cross-section of the gasifier. Fuel are
prone to agglomerate during gasification. This is why fixed-bed gasifiers are not very
effective for biomass fuels or coal with a high caking index in large-capacity units.
There are three main types of fixed- or moving-bed gasifier: updraft, downdraft, and

crossdraft.

Gasification Technologies

Entrained Flow

- Koppers-Totzek gasifier
- Seimens SFG gasifier

- E-gas qasifier

- MHI gasifier

- EAGLE gasifier

]

Coaxial Opposed jet

downflow

Moving bed
- Lurgi dry-bottom gasifier
- BGL slagging gasifier

Downdraft

Crossdraft

Fluidized bed

- Winkler process

- KBR transport gasifier

- Twin-reactor gasifier

- EBARA gasifier

- GTI membrane gasifier

- Rotating fluidized-bed gasifier
- Internal circulating gasifier

- Foster wheater CFB gasifier

Bubbling

Twin bed

Circulating

Figure 2.8 Gasification technologies and their commercial supplier (Basu, 2010c).
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Figure 2.9 Range of applicability of biomass gasifier types (Basu, 2010c).
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2.4.1 Updraft gasifier

The updraft gasifier is shown schematically in Figure 2.10 (a). Biomass is fed
from the top and move downwards while the gasification agent is fed at the bottom
and product gas moves upwards. At the top of the gasifier, the biomass is dried by
the heat transferred from the bottom zone. In the pyrolysis zone, the hot gas
pyrolyzes the biomass from drying zone into non condensable gases, condensable
gases, and charcoal. In the reduction zone the charcoal thus formed reacts with rising
CO, and H,O to make CO and H,. Finally, the bottom of the reactor where the
combustion reaction will take place at the hottest section of the gasifier. In this zone,
the air incoming burns the charcoal to produce CO, and heat. The combustion CO, is
exothermic, and the heat produced in the gas here is absorbed in the endothermic
reduction and pyrolysis reactions above. Ash falls through the grate at the bottom
and the hot gases pass upward with lower temperature resulting to the product gas
contains large amount of tar. As a result of the low temperature of the gas flow out
from gasifier with overall energy efficiency is high, but the low of tar content in the
product gas. The biomass feeding has effect of the feed helps to produce a gas with
low particulate content.

2.4.2 Downdraft gasifiers

Downdraft gasifiers have been successfully tested for machines operating
because of the low tar content. The biomass is fed at the top and drops downwards
in reactor, while the air is intake also from the top or one side and flow in the same
direction with the products of the pyrolysis (Figure 2.10 (b)). The pyrolysis zone
involves decomposition of dried biomass into low to high MW volatiles, tar and char.
The product of pyrolysis and combustion drop downwards, air contacts the
pyrolyzing biomass first, it contacts the char and supports a flame. As in the case of
the match, the heat from the burning volatiles maintains the pyrolysis. Then the hot
gas moves down, pass through the hot bed of char, where the reduction takes
places. It is the principal mechanism appeared in downdraft gasifiers. The reduction
zone increases the combustible gas component of the final gas product though

decreasing the tar content. Downdraft gasifiers usually produce vapors that are less
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than 1 % of the tars, the reason behind the almost exclusive use of downdraft
gasifiers as an energy source for operating engines application. Moreover, the
particulates content of gas production is high.

2.4.3 Cross draft gasifier

The crossdraft gasifier is shown in Figure 2.10 (c). Air flows at high velocity
through a single nozzle from the besides, the gases being withdrawn from the
opposite side of the consistent unit. A hot combustion zone forms around the
entrance of the air feed and the pyrolysis and drying zones being formed higher up
in the reactor. This produces very high temperatures in a very small volume and
results in production of a low-tar gas, permitting rapid adjustment engine to load
changes. The fuel and ash serve as insulation for the walls of the gasifier, permitting
mild steel construction for all parts except the nozzles and grates, which may
require refractory alloys or some cooling. Air-cooled or water-cooled nozzles are
often required. The high temperatures reached require a low-ash fuel to prevent
slagging (Kaupp 1984). The crossdraft gasifier is generally considered appropriate only
for less tar in fuels product. Some success has been observed with unpyrolyzed
biomass, but the nozzle-to-grate spacing is critical (Das 1986). Unscreened fuels that
do not feed into the gasifier freely are prone to bridging and channeling, and the
collapse of bridges fills the hearth zone with unpyrolyzed biomass, leading to

momentarily high rates of tar production.

Fuel hopper

Fuel hopper

1 3
]
| | a
@ Gas : as
| r -
| Pyrolysis Tar + H,0 m‘&—s"‘ Tar + H,0
| =95 ~
Reduction || C * €Oz = 2CO Combustion C + 0; = CO,
I_,_‘ 1| C *HO =CO +H; \
?‘ | -— Air °
FCombusnon ,‘ C+0,=CO;
N -~ -
o } ~z \ Reduction C + CO; = 2CO
- Air ° j C+H,0=CO+H,
Ash Ash

(a) (b)
Figure 2.10 Schematics of (a) updraft (b) and (c) crossdraft gasifier (Basu, 2010b).
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The char coal produced after completion of pyrolysis with updraft or
downdraft gasification is 10% to 20% of the biomass. In an updraft gasifier, air
entering at the grate bottom initially burns this char to release heat and CO,
according to the exothermic reaction (2). Almost immediately, or even
simultaneously, the CO, and any H,O present in the gasifier react with the char to

release the CO and H, products by the following reactions (3-4).

CH,,0.5+ 0.6 0, —— 0.5CO + 0.5CO, + 0.4H, + 0.2H,0 (1)

C+ OZ COZ + heat (2)

C + CO, — 2CO (3)

C + H,0 — > CO+ H, (4)
CO + 3H2 —> CHQ S Hzo (5)

The first reaction is named the Boudouard reaction, and the second is the
water-gas reaction. The rate of the reaction has been studied by measuring the rate
of disappearance of carbon, coal, or charcoal while passing CO, or H,O over the solid
both of these reactions require heat (endothermic reactions). These reactions occur
very rapidly at temperatures over 900°C, and their cooling effect on the gas
temperature rising above this temperature. The reactions become sluggish and very
little product forms at temperatures below 800°C. The CO and H, formed in the hot

char zone can react below 900°C to form methane according to the reaction (R5).

Downdraft gasifiers can be used in IC-engine, which can be categorized as
open and close top designs, respectively. The open top design configuration, see
Figure 2.11 (a) has an open top, forcing air to move downwards throughout the
gasifier with the aim of prevents hot spot formations. The homogeneous airflow also
reduces inefficiencies in the thermo-chemical process taking place in the reactor, as
well as a possibility of the formation of preferential channels and internal bridges.
The stratified downdraft gasifier demonstrates high versatility and efficiency in
operation with solid fuels of poly-dispersed nature, such as rice husk or small

particle size and low-bulk density. The closed top gasifiers have two different
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designs, a conventional downdraft with a straight cylindrical reactor as shown in
Figure 2.11 (b) and one is a throat in the reactor core. In Figure 2.11 (c), it’s called
Imbert gasifier. The throat section design in the Imbert downdraft gasifier is to reduce
the tar content by intense heat. The hot char and the pyrolysis product pass through
the throat section, where most of cracking tar is cracked and char is gasified. In such
gasifiers, air is introduced just on top of the throat and this creates a highly uniform
temperature field and better mixing condition. About one-third of the way up from
the bottom, there is a set of radially directed air nozzles that permit air to be drawn
into the chips as they move down to be gasified. Typically, there are an odd number
of nozzles so that the hot gases from one nozzle do not impinge on the opposite
nozzle. The nozzles are attached to a distribution manifold that in turn is attached
to the outer surface of the inner can. This manifold is connected through the outer
can to a large air-entry port. One air nozzle is in line with this port, allowing the
operator to ignite the charcoal bed through this nozzle.

Below the air nozzle zone places the gas-reduction zone, usually consisting of
a classical Imbert hearth or in later years, of the "V" hearth. Most recently, the flat-
plate hearth constriction (Figure 2.12) has been introduced. The latter two hearth
designs accumulate a layer of retained ash to form a high-quality, self-repairing
insulation. Improved insulation in the hearth results in lower tar production and a
higher efficiency over a wider range of operating conditions. The nozzles spaces
(Figure 2.12) allow some unpyrolyzed biomass pass through this zone. The hearth
constriction then causes all gases to pass through the hot zone at the constriction,
thus giving maximum mixing and minimum heat loss. The highest temperatures are
reached in this section so the hearth constriction should be replaceable. If tarry gas is
produced from this type of gasifier, common practice is to reduce the hearth
constriction area until a low-tar gas is produced. The fine char-ash dust can
eventually clog the charcoal bed and will reduce the gas flow unless the dust is
removed. The charcoal is supported by a movable grate that can be shaken at
intervals. Ash builds up below of the grate and can be removed in cleaning during

process.
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In practice, shorter residence times in the hot combustion zone and/or
bridging and channeling problems increase the final tar content. Moreover the
biomass fuel has to be uniformly sized in the range of 4-10 cm to realize regular
flow, no blocking and channeling in the throat section providing enough room for the
pyrolysis gases to flow downwards and allow heat transport from the throat zone

upwards (Belgiorno et al., 2003; Olgun et al., 2011) (Kumar et al., 2009).
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Figure 2.11 Downdraft gasifier with open top (a), conventional doendraft (b), Imbert

gasifier (c) (Olgun et al., 2011).
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Figure 2.12 (a) V-heart Imbert gasifier, (b) Flat-plat hearth constriction, (c) The space
between the nozzles (Klass, 1998b).

2.5 Gasification parameters

Gasification process is the conversion of biomass to a gaseous fuel by heating

in a gasification medium such as air, oxygen or steam. This process converts the
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intrinsic chemical energy of the carbon in the biomass into a combustible gas in two
stages, unlike combustion where oxidation is substantially complete in one process.

2.5.1 Gasification parameters

1. Equivalence ratio

The water gas, water gas shift, Boudouard and methane reactions provides
the opportunity to calculate the product gas composition of a gasifier, but only in
case this equilibrium can really be reached. Models can be used to calculate the gas
composition as function of the temperature and/or the equivalence ratio (ER), which
is the oxygen used relative to the amount required for complete combustion. This
dimensionless parameter shows that curves of several parameters like chemical
energy in the gas and the gas composition change significantly at ER = 0.25. A value
of zero (left side) corresponds to pyrolysis while combustion is shown at the ER =
1.0. At ER = 0.25 all of char is converted into gas with giving the highest energy
density of the gas; at lower values char is remaining and at higher values some gas is

burned and the temperature will increase.
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Figure 2.13 Equivalence ratio (Higman et al., 2008c).
2. Superficial velocity and hearth load
The superficial velocity is one of the most important parameters defining the
performance of a gasifier reactor, rate of gas production, content of gas energy, rate
of fuels consumption, power output, and rate of tar-char production. The superficial

velocity is calculated, which the gas flow rate (m3/s) divided by the cross section
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area of reactor (mz). A low superficial velocity causes relatively slow pyrolysis
conditions and results in high charcoal and a gas with high tar content. The hearth
load for volume gas flow per unit of cross-section area is known as superficial gas
velocity or space velocity. It has the unit of velocity. Maximum hearth load permits
one to estimate the size of hearth that needed for various power engine or burner.
The maximum hearth load is limited by many factors, such as the mechanical
integrity of the char bed structure within the gasifier, degree of agitation, and the
conversion time. High velocities do affect the char and fuel bed, causing instability. If
char fragments become dislodged and airborne, they may plug the bed or channels.
Therefore, a little agitation can effectively increase the maximum specific hearth load
(Higman et al., 2008c; Klass, 1998b).

3. Turn-down ratio

For every gasifier is an optimum range of operating conditions corresponding
to a certain turn-down ratio, i.e. The ratio under range of operation, which gas is
produced of sufficient quality for its application. The turndown ratio is vital concept
in sizing gasifiers, the ratio of the highest practical gas generation rate with low
practical rate. For gasifiers the turn-down ratio is normally, although some
technology developers claim higher values. Heat losses tend to be independent of
throughput and at low loads become disproportionately high. A low specific hearth
load may also cause tar formation problems. A high turndown ratio is less important
for electric generators and irrigation pumps that constantly operate at full capacity.

4. Gas heating value

The gas heating value is usually expressed in either as Btu or MJ/Nm”. A
normal cubic meter is referring to the gas volume at 1 atmosphere and 25 °C. Higher
heating value is the maximum energy released during complete oxidation of the fuel.
This is including the thermal energy that can be recovered by condensing and
cooling the product. The lower heating value as net energy released during oxidation
of the fuel excluding the heat required for vaporization of the water in the fuel and
the water produced from hydrogen combustion.

5. Gas flow rate and gas production
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The gas flow rate can be calculated from the primary air flow. The nitrogen
content in the producer gas is known, or measured by orifice plates, venturies,
rotameters or pilot tubes. For calculate the gas flow in a Nm’ basis, the temperature
and pressure need to be measured as well. The gas velocity in pipelines is generally
about 15 m/sec to avoid blockage of entrained solids in the pipe lines. From the gas
flow rate and fuel input, the gas production can be calculate per unit fuel input
(Nma/kg) or per energy produced (Nm3/kWe). The gas flow rate and the gas heating
value are important factors controlling the gasifier efficiency.

6. Efficiency

Generally, the efficiency of gasification can be evaluated on cold-gas
efficiency, hot-gas efficiency, or net gasification efficiency. Cold-gas efficiency is the
chemical energy content of the producer gas was divided by the energy content of
the biomass while the hot gas efficiency and heat energy content of producer gas
were divided by the energy content of the biomass.

7. Fuel consumption

The fuel consumption is needed to determine the overall gasifier efficiency.
The fuel consumption can be measured by sizing hopper. The fuel consumption can
be expressed on a unit mass per cross section diameter and time (kg/mz.h)

8. Tar and entrained particles

The amount of tar and entrained particles depends on the gasifier design and
operating conditions, in particularly the load level (actual power output to the
maximum rate).

2.6 Gas conditioning

Depending on the application, type of gasifier and fuel contaminants, a
certain level of gas conditioning (cleaning/cooling system) is required. Cleaning part is
particularly needed for combustion of producer gas in gas engines or gas turbines,
and synthesis gas production. Wet and dry cleaning devices have been developed for
wet gas cleaning, most of the impurities can be removed, but a contaminated waste
water is produced which needs to be treated before disposal. Dry gas cleaning,

usually only particulates are trapped. Cooling system is required for (i) combustion in
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gas engines, (ii) when filters are applied with a maximum allowable temperature or
(i) when compressors are incorporated like with atmospheric IGCC. The most
frequent impurities are liquid hydrocarbons (tar), dust (particulates), ammonia, sulfur,
chloride, alkali compounds, etc. that need to be removed or converted. Dust is
usually removed by cyclones and fabric filters. Ammonia, sulfur and chloride can be
trapped by scrubbers or by using additives. Tar is the critical component to be
handle.

2.6.1 Tar removal and conversion

Special gasifier designs have been developed for reducing tar concentration in
the product gas, however a “tar-free” gasifier does not exist. Therefore, tar removal
and conversion are required in most cases. The latter is preferred, because tar has a
relatively high energy content. Different concepts developed to reduce the tar
content include:

- Specific reactor designs: downdraft gasifiers with a V-shaped “throat”
construction

- Staged gasification were the pyrolysis, gasification and/or combustion zones
are separated

- Adding catalyst system in the reactor

- Separate the tar catalytic conversion in downstream gasifier reactor

- Physical removal with scrubbing, or absorption

- Recycling of tar into the gasifier reactor by physical removal

2.7 Catalytic Gasification

Gasification processes, tar is formed as by-product and may cause operation
problem and also considered as loss of combustible materials. The formations of tar
lead to process equipment failure by corrosion and deposit formation. The catalysts
can remove tar from the product gas, especially if the downstream application or
the installed equipment cannot tolerate it. Moreover, it can be reduced methane
content in gas product, particularly when it used as syngas. The development of
catalyst gasification is driven by the need for tar reforming, when the hot gas product

passes over the catalyst particles, the tar or condensable hydrogen can be reformed
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on the catalyst surface with either steam or carbon dioxide, thus producing
additional hydrogen and carbon monoxide (Sutton et al., 2001). The reactions may
be written in the simple form as below:

Steam reforming reaction

catalyst

CHy, + H,O (n+m/2) H, + nCO (1)
Carbon dioxide (or dry) reforming reaction
C,H,y + NCO, — , 2nCO + (M/2) H, 2)

As one can see, instead of undesirable tar or soot, additional fuel gases
through the catalyst tar-reforming reaction may be achieved via (1). Improving of
both gas yield and the heating value of the product gas. The other options for tar
removal is thermal cracking, but it requires a high temperature and produces soot,
thus it cannot harness the lost energy in tar hydrocarbon. The second motivation for
catalytic gasification is removal of methane from the product gas. For this either
catalytic steam reforming or catalytic carbon dioxide reforming of methane may be
applied. Reforming is very important for the production of syngas, which cannot
tolerate methane and requires a precise ratio of CO and H, in the production gas. In
steam reforming, methane reacts with steam in the temperature range of 700-1100°C
in the presence of a metal based catalyst, thus it is reformed into CO and H, (J. Li et
al,, 2009). The steam reforming of methane reaction is widely used in hydrogen
production from methane, for which nickel based catalysts are very effective. The
carbon dioxide reforming (dry reforming of methane) is not widely used commercially
as steam reforming, because it has the special attraction of reducing two greenhouse
gases (CO, and CHy) in the reaction. It can be a good option for removal of CO, from
the product gas. The reaction is highly endothermic. Nickel-based catalysts are also

effective for the dry reforming reaction (Guan et al., 2009)

Steam reforming of methane

catalyst

CH4 + H,0O ——> CO + 3H, + 206kJ/mol (3)
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Dry reforming of methane

catalyst

CHy + CO, ——— 2CO + 2H, + 247kJ/mol (4)
2.7.1 Catalyst Selection

Catalyst for reforming reactions is chosen with referable to their objective and
particle usage. Some important catalyst selection criteria for tar removal of are as
follows:

-Effective

-Resistant to deactivation by carbon fouling

-Easily regenerated

-Strong and resistant to attrition

-Inexpensive

-Thermal resistant

Catalyst can react in in-situ and post gasification reaction. The former may
involve impregnating the catalyst in the biomass prior to gasification. It can be
packed directly in the reactor, as the fluidized bed. Catalysts are placed in a
secondary reactor downstream of the gasifier to convert the tar and methane formed
in post-gasification. This has the additional advantage of being independent of gasifier
operating condition. The reactor can be operated at temperatures optimum for the
reforming reaction. The catalysts in biomass gasification are divided into three groups:
earth metal, alkali metal, and nickel based. Alkali metal catalysts, potassium
carbonate and sodium carbonate are important in biomass gasification as primary
catalyst. Many biomass types have inherent potassium in their ash, so they can
benefit from the catalytic action of the potassium with reduced tar production.
However, potassium is notorious for agglomerating in fluidized beds, which offsets its
catalyst benefit. For K,CO5 is more effective than Na,CO;. Ni-based catalyst, nickel in
highly effective as a reforming catalyst for reduction of tar as well as for adjustment
of the CO/H, ratio through the methane conversion. Earth metal catalysts, dolomite
(CaCO5*MgCOs) is very effective for disposal of tar, and it is inexpensive and widely

available, obviating the need for catalyst regeneration. It can be used as primary
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catalyst by mixing with the biomass or as a secondary catalyst in a reformer
downstream

2.7.2 Catalyst

1. Nickel

Ni catalysts have been investigated for gasification of biomass, since their
comparative low price and high activity remove tar and increased hydrogen product
(Sutton et al., 2001). Many commercial nickel catalysts are available in the market for
reduction of tar as well as methane in the product gas. In addition to reducing the
tar content, nickel catalyst improved the quality of the gaseous product in biomass
gasification. It is economically and effectively attractive as both gasification and gas
cleanup process occur in-situ, no downstream reactor or extra heating is required
(Chan et al., 2014). Catalyst activity is influenced by temperature, residence time,
particle size, and composition of the gas atmosphere. Steam-reforming nickel
catalysts for heavy hydrocarbons are effect for reduction of tar while nickel catalysts
for heavy hydrocarbons affect methane reduction. The carbon deposition and
particle growth is a problem for nickel-reforming catalyst deactivation.

2. Char

Char, a carbonaceous product of pyrolysis, also catalyzes tar reforming when
used in the secondary reactor. Chars have been reported in an inexpensive catalyst
type. Not only fair performance in tar removal, but also an excellent adsorbent. The
char supported catalyst would low costs and be simply gasified to recover the
energy the char without the need of expensive regenerate after deactivation (Shen et
al,, 2014da). The char supported could be easily produced carbonaceous product
from the pyrolysis of biomass at slow heating rate, and spent catalyst could be
consumed in gasification process directly (Shen et al,, 2014a). And also catalyzes tar
reforming when used in the secondary reactor.

3. Dolomite

Dolomite (MgCO;, CaCOs) is relative inexpensive and is readily available. The
used of dolomite as a catalyst in biomass gasification has attracted much attention

(Devi et al., 2005), (Corella et al.,, 2005) because it is cheap disposable catalyst that
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can reduce the tar content of the product gas from a gasifier significantly. It may be
used as dry-mixed with the biomass, as a primary catalyst, and in a secondary

downstream reactor. It is more active when calcined and used downstream in the

post gasification secondary reactor at above 800°C. The reforming reactions of tar on
a dolomite surface occur at higher rate with CO, reforming reaction than with steam
reforming reaction. It can entirely convert the tar under proper condition but cannot
convert methane for syngas production. Carbon deposition deactivates dolomite,
which, being less expensive, may be discard.

2.8 Biomass Gasification Models

The efficient operation of a biomass gasifier depends on a process of
chemical reaction, such as pyrolysis, conversion of tar and hydrocarbon to gas (Puig-
Arnavat et al.,, 2010). A number of researchers consider the final product of chemical
equilibrium model, while other considers the different process along the reactor. The
purposes of model are to study the thermochemical processes through the biomass
gasification and to evaluate the influence of input variable, such as moisture content,
air fuel ratio, gas composition and the lower heating value. The models can be
dispersed into kinetic rate, the thermodynamic equilibrium, or neural network
models.

2.8.1 Kinetic rate models

Stoichiometric calculations can determine the reaction of products and
describe the conversion during biomass gasification. Many of the chemical reactions
discussed in the previous section proceed at a finite rate and to a finite extent. To
extent a reaction progress is determined by its equilibrium state. Its kinetic rate, on
the other hand, determines the fast rates of reaction products are formed and
whether the reaction completes within the gasifier. Many researches have been
focused on kinetic models of biomass gasification widely. Wang and Kioshitan (1993)
mentioned the kinetic model based on mechanism of surface reactions in the
reaction zone assuming a given residence time and temperature. Giltrap et al. (2003)
established a model of the reduction zone of a downdraft gasifier to predict the

composition of the producer gas under steady state. Chen’s model was intended to
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estimate the length of the gasification zone and the diameter of the reactor and
studied the dependence of the reactor on operation parameters, i.e. input air
temperature, material, moisture content, particle size, reactor simulation, and gasifier.
Sharma (2008) presented a model for a downdraft gasifier which the reduction zone
was modeled using a finite rate of reaction succeeding the chemical kinetics. The
pyro-oxidation zone, previous to reduction zone was also modeled considering
thermodynamic equilibrium. Babu, B.V. and P.N. Sheth (2006) improved Giltrap’s
model recommending an exponentially varying CRF to predict better simulation of
the temperature profile in the reduction zone, the CRF value improved linearly and
exponentially with the length of the reduction zone, The model was simulate with a
finite difference method to predict the temperature and composition profiles.

2.8.2 Thermodynamic equilibrium models

Thermodynamic equilibrium has been recommended to explain the complex
biomass gasification process, design, optimization, simulation, and analysis of gasifier.
At the equilibrium, a reacting system is at its most stable composition, a completed
condition when the entropy of the system maximize whereas minimize of Gibbs free
energy. Though, thermodynamic equilibrium may not be achieved, for the relatively
low temperatures operation. The models based on thermodynamic equilibrium have
been used widely, Zainal et al. (2002) established the biomass gasification process
model on the stoichiometric thermodynamic equilibrium, which they predicted the
production gas for different raw material. Jarungthammachote and Dutta (2007)
improved model based on the equilibrium constant for predict the composition of
gas from downdraft gasifier. They used coefficients correcting the equilibrium
constant of the water gas shift and methane reaction that improve the model
accuracy. Schuster et al. (2001) studied the equilibrium model for steam biomass
gasification in a fluidized bed gasifier. Li et al. (2004) studied a stoichiometric
equilibrium model to predict the gas composition, heating value, cold gas efficiency
for biomass fluidized bed gasification. They resolved that real gasification process

differ from chemical equilibrium. The chemical equilibrium is a good method when
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simulating entrains flow gasifier in chemical process simulators providing the high
temperature and residence time achieve at the throat section.

The ASPEN PLUS process simulator has been used by different investigators
to simulate the gasification process. Nikoo and Mahinpey (2008) have developed
ASPEN PLUS model and external FORTRAN subroutines for hydrodynamics and
kinetics to simulate the gasification process. Ramzan (2011) have established steady
state simulation model for gasification with ASPEN PLUS. They concluded that the
model can be used as an analytical tool for optimization of the gasifier performance.
The studies were carried out the influence based on the equivalence ratio,
temperature, preheat, heating value. Keche Amba (2015) discovered the simulation
of biomass gasification in downdraft gasifier for different biomass using ASPEN PLUS.
This model is validated with data obtained from four biomass; babul wood, neem
wood, mango wood, and bagasse. The model has predicted composition of H,, CO,

and CO, while it has under predicted the CH,.

2.9 Literature review

According to literature review, a large number of researchers have attempted
to work on the gasification with downdraft gasifier and upgrading the production gas
with Ni catalyst. Dogru et al. (2002) studied gasification of hazelnut shells in pilot-
scale downdraft gasifier. The objective is to direct use of the product gas in an
Internal Combustion Engine to produce electric power. The quality of product gas is
found to be dependent on the smooth flow of fuel and the uniformity of the
pyrolysis. The optimum of the gasifier is 1.44-1.47 m3/kg of air fuel ratio with feed
rate 4.06 - 4.48 kg/h. Furthermore, the GCV is 5 I\/U/m3 at a volumetric flow of 8-9 N
m’/h. It was recommended that hazelnut shell easily gasified in a downdraft gasifier

to produce good quality gas.

Sheth and Babu (2004) have investigated on producer gas generation from
wood waste in a downdraft gasifier and examined the reliability of the results by
carrying out material balance. Increasing the moisture content, biomass consumption

rate inversely with an increase the air flow rate. The optimum equivalence ratio is
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0.205 for the downdraft gasifier. The fraction of CO and H, shows increasing and

decreasing trend opposite to N, and CO,.

Zainal et al. (2002) have investigated of a downdraft gasifier using wood chips
and charcoal by varying the equivalence ratio from 0.259 to 0.46. The calorific value
of the producer gas increases with equivalence ratio firstly, and then decreased with
increased in equivalence ratio. The cold gas efficiency of the biomass gasifier is found
to be about 80%, whereas the overall efficiency of the electrical power system is
around 10-11%. The specific consumption of the biomass material is found at 2
ke/kWh. The performance of experimental in a complete gasifier IC engine plant were

stated the difference of air fuel ratios system and woody with cubic shape.

Skoulou et al. (2008) studied the air-blown fixed bed gasification with olive
kernels and tree cutting and compared the performance. They found that for both
materials the amount of H, in the product gas increase with higher gasification
temperature. The fraction of H, presented decreasing after increasing trend, where
CO declined with an increasing ER. This revealed with the property of the biomass is

an important factor the evolution of main gas composition.

Gai et al. (2012) studied the air gasification of corn straw with downdraft fixed
gasifier. From the experiment, the variation of the concentrations of the sulfur and
chlorine compounds in gaseous and ash are not a monotonic tread under different
operations. The optimum value of ER is 0.28-0.32, LHV of 5.39 I\/U/I\/\3, 2.86 Nm3/kg of
gas yield, efficiency of 73.61% and tar of 4.6 g/Nm3.

Olgun et al. (2011) designed and created the fixed bed downdraft gasifier
system to be fed with agricultural and forestry residues. A throat has been combined
into the design to achieve gasification with lower tar production. The experimental
system consists of the downdraft gasifier and the gas cleaning unit including cyclone,
scrubber and box of filter. The product gases are combusted in the flare built up as
part of the gasifier system. The difference type of biomass, namely wood chips,

barks, olive pomace and hazelnut shells are to be studied. The air to fuel ratio is



36

adjusted to produce gas with high heating value. The result revealed that the ER
level changes depended on the downdraft gasifier system design and the physical

chemical biomass properties.

Jain and Goss (2000) designed small core throat gasifier reactor having internal
diameters of 15.2, 20.3, 24.4 and 34.3 cm for rice husk gasification. The gas quality,
gas production rate, gasification efficiency, specific gasification rate, and equivalence
ratio were measured of the four reactors. The optimum value of specific gasification
rate is 192.5 kg/hm2 and equivalence ratio is 0.4. At this condition, the lower heating
value of producer gas is 4 MJ/m3, cold gas efficiency 65%, and the capacity range of

3-15 kw.

Bacaicoa et al. (2008) studied the gasification performance of high density
polyethylene and wood mixtures. They found that the temperature increase with
higher ratios of polyethylene in the wood feed. The experimental was carried out
gasification of biomass only and mix biomass with 15%HDPE. The results showed that
the gas compositions are 50%N,, 14%H,, 9-22% CO, and 7-17%CO, and its relatively
high calorific value were appropriate for internal combustion engine generator

consisting of a modified diesel engine combined with 25kv.

Erlich and Fransson (2011) examined the downdraft gasification of pellets of
wood, palm-oil residues. The results showed that the gasification of wood pellets
results in a richer producer gas while EFB pellets provide a poorer one with higher
contents of non-combustion compounds. The linear relation between the air fuel

ratio and the cold gas efficiency, higher air fuel ratios result in better efficiency.

Sharma et al. (2008) observed the production gas of gasified cashew nut
shells with open core downdraft gasification. They found that calorific value and
volumetric percentage of producer gas combustible constituents along with
gasification efficiency increase with gas flow rate. The gasification efficiency was 70%

by gas flow rate 130 m’/hr and specific gasification rate of 167kg/hr.m2.
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Lv et al. (2004) explored the potential of hydrogen production from biomass
oxygen/steam gasification via a self-heated downdraft gasifier. The results discovered
that compare to biomass air gasification, biomass oxygen/steam gasification can
improve hydrogen vyield depending on the volume of downdraft gasifier. The
maximurn LHV is 11.11 MJ/Nm® with biomass oxygen/steam gasification. Over the
ranges of operating conditions examined, the maximum hydrogen yield is 45.16 ¢
H,/kg biomass. For biomass oxygen/steam gasification, the H, and CO is 63.27-
72.56%, while the H, and CO is to 52.19-63.31% for biomass air gasification. The
H,/CO ratio for biomass oxygen/steam gasification is 0.70-0.90, which is lower than
that of biomass air gasification (1.06-1.27). The experimental and comparison results
demonstrate that biomass oxygen/steam gasification in a downdraft gasifier is an

effective, relatively low energy consumption technology for hydrogen-rich gas.

Perez et al. (2012) examined the effect of operating and design parameter on
the gasification/combustion process of waste biomass in fixed bed downdraft
reactors. They found the optimal gasification conditions through varying the air
superficial velocity, biomass particle size and biomass moisture content. At the
optimal gasification condition, the lower heating value of the producer gas was
2965.6 kUNm’ and tar 7.73 g/Nm3 with air superficial velocity at 0.06 m/s, biomass

particle size 2 - 6 mm, and moisture content 10.62%.

Wander et al. (2004) studied the potential of the sawdust with a fixed
downdraft stratified and open top gasifier. The results found that the operational
problems in the gasification of sawdust because of the bed mechanic characteristics.
Hence, these residues need to condition before being processed in downdraft
gasifier. Palletization is a proper option for biomass conditioning permitting

production of stable dry fuels of uniform size from different biomass.

Wang et al. (2011, 2012) investigate char and char support nickel catalyst for
secondary syngas cleanup. Ni-based catalysts were made by mechanically mixing NiO
and char particles. Ni/coal-char and Ni/wood-char can convert 97% of tar in syngas at

800°C, 15% NiO loading and 0.3 sec residence time. In addition, the catalyst granular
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size was a factor for tar removal and syngas composition improvement, three Ni/char
catalyst size were prepared with a mechanical mixing method. Tar removal
efficiencies increased by the decreased of Ni/char granular size, which can be
recognized to the higher active surface area from the smallest size. As the catalyst
granular size was increased, the H, in the syngas was increased and the CO was

significantly decreased.

Shen et al. (2014) studied tar conversion approach during biomass pyrolysis
through in-situ dry reforming over biomass pyrolysis could be removed in the gasifier.
The optimized conditions, the conversion efficiencies of tar can reach around 92.3%
and 93% with Ni-Fe char and calcination of Ni char, respectively. The condensable tar
could be catalytically transformed into small molecule gases resulting with the

heating value increased of the product gas.

Zhang et al. (2013) also studied the iron supported on biomass char and iron
supported on coal, char were used as hot gas cleaning catalysts at 800°C. The result
showed that all catalysts decrease CO, and CH, concentrations and increase H, and
CO concentration of product gas. The iron-containing species in char would favor the
H,. Tar contents lower than 100 mg/Nm3 using iron catalyst supported on biomass

char or just biomass char.

Miao et al. (2010) studied the decomposition of acetic acid using porous
dolomite pellets catalyst at 800°C. They found that 99.70% of acetic acid was
decomposed and the porous dolomite pellets were much more effective than the

natural dolomite particles.

Srinakrung et al. (Srinakruang et al., 2006) examined the performance of tar
gasification in fixed-bed reactor with Ni/Al,Os, Ni/SiO,.Al,Os, Ni/dolomite catalyst.
They demanded that Ni based on dolomite support catalyst is an effective catalyst
for fixed bed gasification of tar cracking. The catalytic activity of toluene conversion
decreased in the follower: Ni/ALO; > Ni/SiO,.ALO; > Ni/dolomite. However,

Ni/dolomite catalyst was suitable for the longest duration test (7 hr) and the coke
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formation was of following: Ni/dolomite < Ni/Al,O; < Ni/SiO,.AlL,Os. The Ni/dolomite

catalyst showed excellent activity for tar decomposition and anti-coking.

Guo et al. (Guo et al, 2014) studied the effect of design and operating
parameters with corn straw feeding rate using a three air stage continuous downdraft
gasifier. The results indicated that the three stage of air supply yield a high and
uniform temperature in the oxidation and reduction zones. The combustion reactions
were improved to release heat with increasing ER, which in turn led to higher
temperature in the gasifier resulted higher rate of tar cracking. Biomass feeding rate at
7.5 ke/h and ER was 0.25-0.27, the product gas of the downdraft gasifier reaches a
high condition with LHV 5400 kj/h and cold gas efficiency about 65%.
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Table 2.3 Review of the biomass gasification with downdraft gasifier.

Research group Biomass Ke/h T CGC LHV Remark
3
@) (%) (MJ/m )
Dogru et al. Hazelnut 5.4 1000 81 a.7 ER 0.276
(2002) shells « The quality product
gas is found to be
dependent on the
smooth flow of fuel
Zainal et al. wood, 2 33 5.62 ER 0.388
(2002) Charcoal » Gas production rate
3
1.08Nm /kg
Lv et al. pine 0.3-1 700- - 11.11 « Higher temperature
(2004) sawdust 900 contributed to
more hydrogen
production
Sharma cashew 15 1100 70 4.2 « Gasification
(2009) nut efficiency increased
shells with increase in gas
flow rate
Sheth and Babu Wood 2.59 900- 56 6.34 « ER 0.205, Gas
(2009) furniture 1000 production rate
3
waste 1.62 Nm /kg
Skoulou et al. olive - 750- - 8.6-9.41 . H2 in the product
(2008) kernels, 950 gas increase with
tree higher temperature
cutting
Erlich et al. Pellets 2-35  900- 63 4.1-5.4 * The linear relation
(2011) of wood, 1200 between the air
palm oil fuel ratio and the

cold gas efficiency
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Table 2.3 Review of the biomass gasification with downdraft gasifier (cont.).

Research Biomass  Kg/h T CGC LHV Remark
group (@) (%) (MJ/m3)
Olgun et al. wood 5.4 1000 81 5 « ER0.35
(2011) chips + No operational
and problems tar
hazelnut blockage,
shells agglomeration
process break down
Gai et al. corn 8.3 - 1000 73 5.39 « Higher ER contributed
(2012) straw 9.9 - to the increment of
1100 gas yield
* The decrement of tar
Perez et al. Pine 125 1300 - 2.96 + The optimal
(2012) bark, - gasification conditions
sewage 1500 by varying the air
sludge superficial velocity
Guo et al. corn 7.5 900- 65 54-52 « ER0.25-0.27
(2014) straw 1000 « Increasing biomass
feeding rate led to
higher biomass
consumption rates,
higher process
temperatures
Sornkade et al.  Cassava 1.8 800 39- 4.12 « ER of 0.2-0.4
(2013) Rhizome 54

« Drop tube (updraft)




Table 2.3 Review of the biomass gasification with downdraft gasifier (cont.).

a2

Research Biomass Ke/h T CGC LHV Remark

group (@) (%) MJ /m3)

Ngamchompoo  Cassava - 900 65- 5.11 + Temperature in all
and Rhizome 69 cases of the HTAG

Triratanasirichai

(2013)

process were higher
than in the air-steam

gasification

Table 2.4 Review of the biomass gasification with nickel Catalyst.

Research Type Biomass catalyst Calcined Remark
group gasifier °O
Wang et al. second Sawdust Ni/wood- 800 * Removed 97% of tars
(2010) ary waste Char,

syngas Ni/Coal-

cleanup Char
Shen et al. in-situ Rice husk  Char, Ni- 600 « Catalysts remove tar
(2014) catalytic Fe/Char effectively

. C02 reduced
« CO increased by dry
reforming
Zhang et al. in-situ Mallee Fe/Char 600 * Decreased COZ, CH4
(2013) catalytic ~ wood + Increase H,, CO
Srinakrung et fixed- Tar NI/ALZO3, 1200, « The Ni/dolomite
al. (2006) bed (Toluene,  pNissio Al 950, 750 catalyst showed
2
reactor naphthal o excellent activity
273
ene) « For tar decomposition
Ni/dolomi

te

and anti-coking




Table 2.4 Review of the biomass gasification with nickel Catalyst (cont.).
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Research Type Biomass catalyst Calcined Remark
group gasifier (@)
Miao et al. Tube acetic Dolomite 900 + 99.70% of acetic acid
(2010) reactor acid pellets decomposed
« Size (3 mm-d ,4 mm-h)
Wang et al. lab- MSW NiO on 900 * The catalysts eliminate
(2011) scale modified the tar
fixed dolomite « Increase the hydrogen
bed yield
Table 2.5 Review of biomass gasification models.
Research group Biomass Model Remark
Jayah et al,, 2003 Tea drying Kinetic « Kinetic model consists of two sub-
model models

¢ The flaming pyrolysis

- Gasification zone
Tinanut et al. - Kinetic + Developed gasifier
(2008) model » One-dimensional steady- state

model

Sharma - Kinetic * Developed a one-dimensional
(2011) model steady- state model

« To predict the performance of

gasifier

+ Predict un-reacted char

« Final gas composition
Nikoo and pine ASPEN PLUS  « Developed ASPEN PLUS reactor
Mahinpey - External FORTRAN subroutines for

et al. (2008)

hydrodynamics

 Kinetics




Table 2.5 Review of biomass gasification models (cont.).

aq

Research group Biomass Model Remark
Ramzan et al. FW, MSW, ASPEN PLUS + Developed ASPEN PLUS
(2011) PW

« First stage (moisture content)

« Second stage (volatile compound
by FORTRAN)

« Third stage (oxidation by Gibbs free

energy)

Kuo et al.

(2014)

Bamboo and ASPEN PLUS
Torrefied

Bamboo

+ Developed an ASPEN PLUS model
« To evaluate the gasification

potentials




CHAPTER 3

Experimental Procedures

In this research work, the experimental procedure consists of four parts. The
first part is characterization of the chemical and physical properties of biomass and
the gasification of biomass are carried out in the Imbert downdraft gasifier with a
throat section. The second part is tested and modified gasifier with the biomass. The
third part involves the improvement of the gasification efficiency with metal catalyst
on char and dolomite support and the final part is combined the gasifier with a small
gas engine system for power generation and to predict product distribution from
gasification using Advanced System for Process Engineering (ASPEN) as shown in figure

3.1.

Chemical and Physical properties
Peanut shell and Cassava rhizome

Part |
Design and build a Imbert downdraft gasifier
\:
Gasifier Test with biomass
- Air flow rate
- Particle size (Cassava rhizome <5mm, 5-10mm, 10-15mm)
Part Il \L

Sampling and analysis of

product from gasification

Modified gasifier

!

Part Il Improved efficiency with catalyst
Char, Ni/char, Dolomite, 5%Ni/dolomite, 10%Ni/dolomite

I

Part IV Combined the gasifier with a small gas engine

Statistical distributed to activation energy kinetic model

Figure 3.1 Experimental plan
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3.1 Biomass Fuel Analysis and Experimental setup

1. Proximate and ultimate analysis

Two types of analyses, proximate and ultimate, are useful for defining the
fuel properties of a particular biomass feedstock. The proximate analysis of biomass
on weight percentage basis was determined by following the standard method of
ASTM-D5142-02. The ultimate analyses of carbon, hydrogen, sulfur, nitrogen, and
oxygen of the biomass of the dry fuel on a weight percentage basis were carried out
according to ASTM-D5373 using LECO CHNS-628 and LECO TruSpec Micro CHN/O as
presented in Table 3.1 (ASTM standard methods for analysis of biomass).

2. Chemical compositions

Thermochemical conversion of biomass greatly depends on the polymeric
composition of biomass. The chemical compositions include ash, cellulose,
hemicelluloses, lignin and extractives by TAPPI (T264), (T-203), (T-222).

3. Heating value

The higher heating value of the fuel is determined by reacting the fuel with
oxygen in a bomb calorimeter (LECO AC-350, ASTM) and measuring the heat released
to a known quantity of water. The heat released during this procedure represents the
maximum amount of energy that can be obtained from combusting the fuel and is a
necessary value for calculating the efficiency of gasification. The high heating value
(HHV) is measured in this test, since liquid water is produced; however, the low
heating value (LHV) is more relevant to the amount of energy produced, and this can
be calculated from the HHV value.

4. Physical property

The bulk density is the weight of biomass packed loosely in a container
divided by the occupied volume. Clearly, it is not an exact number, depending on
the exact packing of the particles. The fuel shape and feeding characteristics
determine whether it will be feasible to simply use gravity feeding techniques, or
whether assistance, such as stirring and shaking, will be required. The angle of repose
for a particular fuel type is generally measured by filling a large tube with the fuel,

and then lifting the tube and allowing the fuel to form a pile. The angle of repose is
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the angle from the horizontal to the sides of the pile. The basic feed characteristic is
more easily judged from the dugout angle of repose, the steepest angle (measured
from the horizontal) formed by the sides of a pile of fuel when material is removed
from the bottom of the pile. Angles approaching or exceeding 90' are a good

indication of the tendency of the fuel to bridge or tunnel in the gasifier.

Table 3.1 ASTM standard methods for analysis of biomass

Analysis Methods

Proximate Analysis ASTM-D5142-02

Ultimate Analysis ASTM-D5373

Lower Healing Value E711

Chemical composition TAPPI (T264), (T-203), (T-222) for wood pulp

3.1.1 Biomass Preparation

1. Cassava Rhizome

Cassava rhizome is a part of the neck between trunks and tuberous roots,
which become the residue from cassava plantations. According to the recent survey
in Thailand, approximately 7 million acres of cassava plantation could yield 25
million tons of cassava roots (http://www.tapiocaonline.com). Usually, the current
practice of cassava rhizome residue management is open burning, which releases not
only the greenhouse gases but also other pollutions as well as loss of energy.
Usually, the current practice of cassava rhizome residue management is open
burning, which releases not only the greenhouse gases but also other pollutions as
well as loss of energy. Therefore, utilization of cassava rhizome as energy source by
gasification will resolve this environmental problem while generating useful fuel gas
products. The cassava rhizome used in the experiments is biomass residues from
cassava plantations procured from Nakornsawan province in Thailand. The biomass
was dried in air for 24 hour to reduce the moisture content. The particle sizes of

cassava rhizome after chipping is in the range of 5-15 mm are shown in figure 3.2-3.3.
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2. Peanut shell waste

Peanut plantation is a common agricultural in Asia. Nevertheless, worldwide
peanut production was 40.18 million tons, of which 50,000 tons were produced in
Thailand (USDA). Although these residues have high heating value, peanut shell
wastes are usually burned by combustion process, not gasification process which is a
more efficient process. Their high heating value and low moisture content are
appropriate with gasification process. The peanut shell waste used in the
experiments is biomass wastes generated from Lampang province in Thailand, shown

in Figure 3.4.

(@ <5 mm (b) 5-10mm () 10-15 mm

Figure 3.3 The particle sizes of cassava rhizome.

Figure 3.4 The peanut shell waste.
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3.1.2 Experimental setup

The experimental system set-up consists of a downdraft reactor, feeding
system by auger motor and control with fuel level sensor, air supply system, swirl
burner, and the clean-up system consists of cyclone, packed bed filter of char coal,
and two condensers. The schematic of a modular downdraft gasifier system is
illustrated in Figure 3.5. The height of the reactor is 610 mm and reduction zone is
200 mm. The diameter of the drying zone is 203 mm, the throat is 77 mm. The
catalyst bed of 305 mm of diameter and 100 mm height was place after cyclone.
The auger motor feed coupled with drying hopper utilizes output production gas to
dry incoming raw materials, while at the same time cooling down the exhausts gas.
Air was supplied into the gasifier from the center air distribution nozzle, which was
controlled by an ejector venturi. Flow rate of air inlet and product gas were
determined by measuring pressure drop across respective orifice plates with U-tube
manometers using water as the manometric fluid. The pressure drop between the
throat section and the top end of the packed bed filter was also measured using a
manometer. Temperature profiles along the reactor were measured by installation of
thermocouples at 4 points along the center of reactor length which are drying (T1) at
250 mm, pyrolysis (T2) at 350 mm, oxidation (T3) at 457 mm, and reduction (T4) at
660 mm from the top of reactor, respectively. Product gas is cleaned in two steps,
cyclone and two packed bed filters of char coal, before passing the air supply and

finally flares burn.
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Figure 3.5 Shematic of a modular downdraft gasifier system used in the experiment.

3.2 Gasifier test and modified

During the startup of experiment, the ejector venture was open to pull air
supplied from air pump into the reactor. The solid fuel (hot charcoal) igniter was
ignited into reduction zone of gasifier above the grate. Feeding of biomass into the
gasifier was carried out through the hopper. The temperature profiles were measured
by K-type thermocouples at each location. During the test, the temperature of four
thermal conversion zones of the reactor was continuously recorded with data logger
every 1 min. The produced gas from the reactor entered the following filter bed and
cooling units. Gas samples were drawn by peristaltic pump into a small clean up unit
for gas composition analysis using portable analyzer (Gasboard-3100p) which is based
on NDIR to measure the gas concentration of CO, CO,, CH4, and C,H,, and based on
TCD (MEMS) to simultaneously measure the gas concentration of H,. In addition,

condensate of tar, char and ash were concurrently measured.
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3.2.1 Characteristics of gas

Gas samples were drawn by peristaltic pump into a small clean up unit for
gas composition analysis using portable analyzer (Gasboard-3100p) (Figure 3.6) which
is based on NDIR to measure the gas concentration of CO, CO,, CHg, and C.H,, and
based on TCD (MEMS) to simultaneously measure the gas concentration of H,. In

addition, condensate of tar, char and ash were concurrently measured.

Figure 3.6 Portable analyzer (Gasboard-3100p).

3.2.2 Characteristics of char and tar

Char obtained after experiment was analyzed in order to observe the change
in solid material properties. The ultimate analysis of char was determined using the
same methods as for the raw materials. Tar content from experiment was analyzed
by gas chromatography - mass spectrometry (GC-MS QP2010, Shimadzu). The GC
column was a fused silica column (DB1701) with 60 m length, 0.25 mm inner
diameter and 0.25 pm film thicknesses. The GC oven temperature profile was
programmed to increase from 50 to 300°C at 5°C/min with a hold time of 1 min at
45°C and of 10 min at 280°C.

3.2.3 Modifier with the thermal integration unit

The main reactor was coupled with the thermal integration unit to provide
heat recovery. This is a gas circulating heat exchanger, used to return hot flue gas

exits the gasifier to drying and pyrolysis zone of the reactor as shown in Figure 3.7.
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Figure 3.7 The thermal integration unit.

3.2.4 The effect of gasification parameter

The experiment was to investigate the effect of air flow rate at 1.2-3.05 m’/hr
and the particle sizes of cassava rhizome <5 mm, 5-10 mm, and 10-15 mm on gas
production performance of biomass gasification. The performance of gasification was
evaluated in term of attainable zone temperature, producer gas composition,
conversion, gasification efficiency, air superficial velocity, biomass consumption rate,

and specific gasification rate.

3.3 Improvement of the gasification efficiency with metal catalyst
3.3.1 Catalyst Preparation

1. Ni on char support

The char support was prepared by slow pyrolysis of cassava rhizome (particle
size 15 mm) using the tube reactor, it can be seen in Figure 3.8. The temperature of
pyrolysis was 600°C in the N, atmosphere 2 [/min then hold at the final temperature
600°C 1 hr. The Ni/char catalysts was prepared by the impregnation method using
Ni(NOs),*6H,O (Merck, Ltd). The char support was doped with 5%Ni at 80°C for 3
hour. After impregnation, the catalyst was drying for 24 hour at 105°C and calcined in

N, at 800°C for 2 hour as illustrated in Figure 3.9.
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(@ (b)
Figure 3.8 Char support was prepare by slow pyrolysis of cassava rhizome (b) Char

support.

(b) (@ (d)
Figure 3.9 Ni/char catalyst was prepare by the impregnation method (a) char support

(b) impregnation with Ni(NOs),.6H,O (c) drying (d) calcination.

2. Ni on dolomite pellet support

The dolomite pellet support was prepared by extrusion dolomite powder (Mg
CO5°CaCO5; mixed with 10% kaolin powder, 12% organic binder, and 10% distilled
water) and extruded through the die with 6.50 mm of outside diameter. In Figure
3.10, the dough was then formed into cylindrical shape by extruder (FM-30-1,
Miyazaki Iron Work). The green samples were drying in room temperature for
overnight. The dolomite rod used support to prepare catalyst, 10 mm in length and
6.50 mm of outside diameter was obtained. The dolomite pellets were sintered at
1200°C for 3 hours. The dolomite pellet support catalyst was prepared with
Ni(NOs),.6H,0 (Merck, Ltd) by the impregnation method that is similar with Ni/char
catalysts in Figure 3.11. The dolomite support was doped with 5%Ni at 80°C for 3 hr.
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After impregnation, the catalyst was drying for 24 hr at 105°C and calcined in ambient
air at 700°C for 2 hr.

In the experiment, the catalytic holder of 305 mm in diameter and 100 mm
in height was attached after cyclone as shown in Figure 3.12. Effect of addition of
5%Ni/char and 5%Ni/dolomite pellet catalyst module for secondary syngas cleanup

on gasification efficiency was also examined.

(b) (©)

(d) (e) (f)
Figure 3.10 (a) dolomite power (b) organic binder (c) kaolin power (d) extruder (e) and

(f) extrusion dolomite.

(b)
Figure 3.11 Ni/dolomite pellet catalyst was prepared by the impregnation method (a)
dolomite support (b) impregnation with Ni(NOs),*6H,0 (c) drying (d) calcination.
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Figure 3.12 The catalyst holder.

3.3.2 Characterization of catalyst

The support and catalyst were characterized by X-ray diffraction (Rigaku,
japan) to confirm phase of active catalyst. The surface area and pore volume of
catalyst were analyzed by nitrogen adsorption and desorption using Autosorb-1
(Quantachrome instruments). The surface area of catalysts and the catalyst
distribution on support material were investigated by scanning electron microscoopy
(Hitachi, japan), In addition energy dispersive x-ray analysis (EDX) was determined the

actual amount of available active of metal.

3.4 Power generation and predict product distribution from gasification unit.

3.4.1 Power generation

The fuel gas produced from the gasification unit was combined with a small
gas engine (base on LPG fuel) system for power generation.

The gas clean-up system consists of cyclone and two packed bed filter of
char coal. The producer gas after cleaning process can directly be supplied to the
engine. The schematic diagram of the downdraft gasifier combined with power
generation is shown in Fig 3.12. The specifications of gas engine/generator are given in

Table 3.2.



Table 3.2 Specification of gas engine/generator
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Engine Model Sm 2500 (pg
Type 4 - stoke
Number of Cylinders 1
Displacement 196 cc
Engine speed 1500 rpm
Starting system Recoil/Electric
Max. Power Output 6.5 hp
Noise level 62 dB

Generator Ac Max. Output 2.5 kw
Ac Con. Output 2.0 kW
Voltage 220V
Frequency 50 Hz
Nominal power 2.0 kW
DC Voltage/Amp 12/8.3

Fuel level sensor

Thermocouple

Orifice flow

Air inlet, —1]

Reactor

Air nozzle

Thermocouple

Hopper

Drying bucket

Auger feed

(]
|
[

l L Ejector ventures

|

E - Exhaust gas

Sampling Port

Ash grate,

| Orifice flow

Filter

Tar Collector

Filter Gas engine _@
SET

Condenser

@

Air pump

Figure 3.13 Schematic diagram of the downdraft gasifier combined with power

generation system.
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Figure 3.14 gas engine/generator system

3.4.2 Predict product distribution from gasification unit.

Advanced System for Process Engineering (ASPEN) is a software package that
gives a complete integrated solution to chemical process and reactors. Aspen Plus
can be used to model many processes involving solids. Solids process modeling in
Aspen Plus supports rigorous descriptions of solids processing steps. The simulations
of biomass gasification process were based on mass energy balance and chemical
equilibrium among all processes. This model uses unit operation blocks, which are
the models of specific process operations. The user places these blocks on a flow
sheet, specifying material, and energy streams. An extensive built-in physical

properties database is used for the simulation calculations.



CHAPTER 4

The Characteristic of Biomass and Catalyst

4.1 Characteristic of biomass
4.1.1 The cassava rhizome

The cassava rhizome is the biomass residues from cassava plantations
procured from Nakornsawan province, Thailand. The biomass was dried in ambient
air for 24 hours to reduce the moisture content. The size of cassava rhizome after
chipping is in the range of 5-15 mm for the experment. The physical and component
properties of the cassava rhizome are presented in Table 4.1. The proximate and
ultimate analysis of the dried cassava rhizome on weight percentage basis was
determined by standard methods as shown in Table 3.1. The proximate analysis of
cassava rhizome showed high volatile matter and low moisture content. The
ultimate analysis results revealed important fractions represented by carbon (39.80%)
and hydrogen (5.03%). The heating value of cassava rhizome is 15.10 MJ/kg.
Generally, this raw material has high carbon and volatile matter and low moisture
content which is appropriate for thermochemical conversion through gasification
process. In addition, the results of biomass component indicated higher cellulose
than lignin. Accordingly, the cellulose component in biomass is mainly responsible
for the releasing and conversion of volatile matter as gas, whereas lignin components
are the main contributor to char (Dangzhen Lv, 2010).

4.1.2 The peanut shell waste

The peanut shell waste used in the experiments is biomass wastes produced
from Lampang province, Thailand. The biomass was dried in ambient air for 24 hours
similar to cassava rhizome sample to reduce the moisture content. The result of
physical and component properties are shown in Table 4.2. It can be observed that
this biomass contained higher volatile and carbon whereas low nitrogen and sulfur
with the heating value of 16 MJ/kg. The moisture content of biomass was 9.529%.

Generally, the limitation of moisture content of biomass for operating a downdraft
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gasifier is considered to be no more than 30-40% (Dogru et al., 2002). Therefore the

biomass sample is suitable for this type of thermal conversion with

environmental pollution prospect.

Table 4.1 Characteristic of cassava rhizome

low

Proximate Analysis (wt.%)

Ultimate Analysis (wt.%)

Moisture

Ash

Volatile organic content
Fixed carbon

L HV, (MJ/Kg)

10.28
8.62
72.30
9.40
15.10

Carbon 39.80
Hydrogen 5.03
Nitrogen 1.38
Sulfur 0.15
Oxygen 37.50
Other* 16.14

Physical Properties

Bulk density (kg/ms)

145 (5 mm), 140 (10 mm), 132 (15 mm)

Component Analysis (wt.%)

Cellulose
Hemi cellulose
Lignin

Extractives

35.39
24.21
30.73

9.67

*Other by difference
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Table 4.2 Characteristic of peanut shell

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)

Moisture 9.52 Carbon 40.34

Ash 17.92 Hydrogen 6.35

Volatile organic content 65.78 Nitrogen 0.79

Fixed carbon 2.78 Sulfur 0.29

LHV, (MJ/Kg) 1647  Oxygen 35.47
Other* 16.76

Physical Properties

Bulk density (kg/m3) 60

Component Analysis (wt.%)

Cellulose 27.81
Hemi cellulose 26.38
Lignin 36.91
Extractives 8.9

*Other by difference

4.2 Characterization of catalyst
4.2.1 Ni/Char catalyst

The char obtained from the pyrolysis experiment was characterized using XRD
patterns as presented in Figure 4.1. The char exhibited intensified peaks at 20 = 28°
and 29.50°, corresponding to carbon. For calcined 5%Ni/char, the intensified peaks at
20 = 44° and 52°, corresponding to Ni. The TGA and DTG curves of 5% Ni/char is
presented in Figure 4.2. The measurement was carried out with heating rate of 10
°C/min from 30 to 950°C under 60 mU/min of O, and N,. Peaks at 80-160°C were
attributed to the desorption of adsorbed water and the crystalline structure of water.
The residue of volatile in char support was found to decompose between 350°C and
700°C. The surface area of char and catalysts were investigated by SEM in Figure 4.3.
The char support from pyrolysis at 600°C has high porous surface structure as a result

of the removal of volatile materials. The sizes of porous 5%Ni/char after calcined are
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extend with thinner walls and characterized as a honeycomb-shaped. The actual
amount of available active of 5%Ni metal as measured by energy dispersive x-ray
analysis (EDX) was 5.28%Ni. The surface area and pore volume of catalyst analyzed
by nitrogen adsorption and desorption were calculated along with the Langmuir
surface area method. The char support obtained at the pyrolysis temperature of
600°C has surface area of 37.9 mz/g whereas those of 5%Ni/char and 5%Ni/char after
calcined are 66.8 mz/g and 79 mz/g, respectively. Total pore volume of 0.0827 ml/g
and average pore diameter of 63.9 A are in good agreement with the result obtained
by SEM. The 5%Ni/char after calcination resulted in relatively high surface area of

porous carbonaceous meterial which is suitable to be applied as catalyst or

adsorbent.
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Figure 4.1 X-Ray diffraction of char support and calained 5%Ni/char.
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4.2.2 Ni/dolomite Catalyst

The XRD patterns of the dolomite pellet support and catalyst are presented
in Figure 4.4. The dolomite pellet support exhibited intensity peaks at 20 = 43°, 62°,
and 78°, corresponding to MgO, whereas 32° and 34° corresponding to CaO. The
presence of NiO was confirmed in 5% Ni/dolomite at 20 = 37°, 43.5°, and 63°. The
TGA and DTG curves of calcined dolomite and calcined Ni/dolomite are presented in
Figure 4.5. The peak at 80-200°C was attributed to desorption of adsorbed water and
crystalline structure of water. The dolomite was found to decompose between 450°C
and 800°C. Then CO, was released leaving CaO and MgO phases, which was
confirmed by XRD analysis (Wang, T. J., 2005). The morphology of fresh catalysts was

explored by SEM analysis and the results are shown in Figure 4.6. During dolomite
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calcination, Mg in CaMg(COs), moved to the surface and released CO, gas leading to
the external and internal growth of MgO and the internal growth of CaCOs,
respectively. As a result of this phenomenon, the surface of calcined dolomite was
of higher porosity than raw dolomite. The specific surface area was increased from
397 to 13.81 mz/g, which, in turn, upgraded the metal active site capacity.
Furthermore, large pore spaces and rough grains of Ni on the surface of dolomite
were the characteristics of calcined 5%Ni/dolomite catalyst. The EDX analysis
exhibited that the Ni loading was 6.28% on the surface of dolomite pellet support.
The surface area of 5% Ni/dolomite was 56.09 m2/g and total pore volume was
0.0850 ml/g. Though, the surface area and total pore volume of 5%Ni/dolomite was
reduced to 17.59 mz/g and 0.0499 ml/g after calcination. This decreased surface area
was probably because of the covered pore spaces and then sintering on the

dolomite support during the calcination process (Figure 4.6).
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4.3 Characteristic of spent catalyst
4.3.1 Ni/char catalyst

The characteristics of catalyst after experiment were determined to study
carbon deposit and structure. Figure 4.7 showed TGA and DTG analysis to investigate
the rate of mass loss which is an indication of reactivity of catalysts under
investigation.  First step was the loss of water of crystallization (30-150°C),
decomposition of the condensed volatiles (350-550°C), and lastly, the decomposition
of carbon (650-750°C). This result exhibited similar trend for both catalysts. After
gasification process with char and 5% Ni/char catalyst, the volatiles, condensable,
and primary vapors covered on catalysts surface. Their SEM images are shown in
Figure 4.8. From this result, the catalysts displayed resistant to high temperature and

hence, regeneration capability would be further investigated.
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4.3.2 Ni/dolomite catalyst

The corresponding TGA profile of used catalysts exhibited three distinct
weight-loss steps as shown in Figure 4.9. First step was the loss of water of
crystallization (25-230°C), decomposition of the condensed and volatiles (350-550°C),
and the decomposition of carbon (600-800°C). The decomposition of condensed and
volatile from dolomite support was higher than that of 5%Ni/dolomite catalyst.
These results correlated with the SEM image shown in the previous section. After
gasification with dolomite and 5% Ni/dolomite, volatiles and condensable primary
vapors covered on each of reacted catalysts surface. Their SEM images are shown in
Figure 4.10 (a) and (b), respectively. Both dolomite pellet and 5%Ni/dolomite surface
displayed the coating of condensable vapors. From this result, the support and
catalyst exhibited resistant to high temperature in which the catalyst life time and

regeneration capability would be further investigated.
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CHAPTER 5

Biomass Gasification with a Downdraft Gasifier

5.1 Gasification performance of downdraft gasifier with peanut shell waste
5.1.1 The system performance and effect of heat recovery unit.

The peanut shell waste was fed at the rate of ~3 kg/hr with 1.62 m’/hr air
flow inlet in a continuous operation. The temperature distributions along the gasifier
for the non-catalytic case with addition of heat thermal integration unit are shown in
Figures 5.1 and 5.2. In the drying zone, moisture was released as water vapor by the
heat from the oxidation zone. After 20-30 minutes, the temperatures at drying and
pyrolysis zones were slightly increased. The temperature of oxidation zone was
between 800 to 900°C. Generally, the oxidation temperature of downdraft gasifier is
about 800 to 1400°C (Basu, 2010b). The generated heat from this zone was
transferred to upper and lower zones which promoted and sustained reactions in the
gasifier. The temperature at the reduction zone was about 600 to 700°C. Products
from pyrolysis and combustion zones were converted and reformed to produce
synthesis gas at this reduction zone. From Figure 5.2, the temperature of drying and
pyrolysis zones increased more rapidly than those of system without heat thermal
integration unit. The temperature of oxidation zone was around 800 to 1000°C which
depends upon the air flow rate inlet and the heat released from the biomass
combustion.

In case of the experiment without heat thermal integration unit at 1.62 m’/hr
air flow rate, the hydrogen and carbon conversions were 32.17% and 49.92%,
respectively, and increased to 40.42% and 52.48%, correspondingly, for the case of
heat thermal integration unit addition (Figure 5.3). As a result, the carbon conversion
to CO, CO,, and CHy and hydrogen conversion to H,, CH, were increased (Table 5.1).
The heat exchanger returns heat from the exhaust gas to heat recover section at
drying and pyrolysis zone of reactor, resulting in more efficient drying process and

pyrolysis reaction.
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Table 5.1 Effects of heat thermal integration unit addition (1.62 m>/hr air flow rate)

Carbon Hydrogen LHV Cold gas

Conversion Conversion (I\/\J/ma) Efficiency (%)

(%) (%)

CO CO, CHy H, CHq

Heat recovery 2176 2381 691 2389 1653 379 34.08

Non-Heat recovery  19.27 25.75 491 2053 11.64  3.66 32.90

5.1.2 The effect of air flow rate

In this experiment, the air flow rate can be controlled but the equivalence
ratio cannot be directly manipulated because the biomass consumption rates mainly
depend on the reaction rate at the combustion zone. The range of air flow rate for
the experiment vary from 1.62 to 3.54 m’/hr which correspond to superficial gas
velocity of 26.44 to 57.77 m/hr, respectively, yielding equivalence ratio (ER) of

around 0.11 to 0.23. The effects of air flow rate on conversion are shown in Figures
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5.4 and 5.5. At low air flow rate, the formation of CO,, tar and char was greater than
that of higher air flow rate. This is probably a result of lower temperature at
oxidation zone leading to lesser cracking and reforming reactions of products from
drying and pyrolysis zones. The rate of reversed reaction of the reversible water gas
shift reaction is slower than the rate of forward reaction at the low air flow rate (Gai
et al,, 2012). When increased air flow rate from 1.62 to 3.06 m3/hr, the hydrogen
conversion to H, and carbon conversion to CO increased while the carbon
conversion to CO, decreased for both conditions because the water shift reaction
can also take place and produces more H, and CO in the product gas. In additional,
the carbonaceous residues and combustible species will be oxidized in the oxidation
zone through Boudouard reaction and water gas reaction. After increased air flow
rate up to 3.54 m3/hr, the conversion was slightly decreased under both conditions.
From these results, the highest carbon conversions to CO,, CO and CH4 were 35.94%,
44.03%, and 7.14%, respectively and hydrogen to H, and CH; were 40.18% and
17.03%, respectively. Increase air flow rate means higher equivalence ratio and more
oxygen for oxidization reactions. The results agree with Dogru et al. (2002) , Gai et al.
(2012) , Zainal et al. (2002), and P. Lv et al. (2007).

The data on biomass consumption, specific gasification rate, specific gas
production rate, cold gas efficiency and lower heating of produce gas are
summarized in Table 5.2. With increasing air flow rate to the gasifier, specific
gasification rate, specific gas production rate, and cold gas efficiency increased
linearly. However, the cold gas efficiency was declining at 3.54 m’/hr air flow due to
the decrease in lower heating values of producer gas. The increasing trend of gas
lower heating value with air flow rate might be due to deviation from the turn down
ratio of gasifier (Singh et al.,, 2006). The turndown ratio is a vital concept in sizing
gasifiers which is the ratio of the highest practical gas generation rate with low
practical rate (low turndown ratio will be generated tar). Also at greater air flow rate,
biomass consumption rate increased which also accounted for the increase in
efficiency. Increase the air flow rate leads to higher increase oxygen to oxidize and
greater amount of biomass being combusted (Basu, 2013b). The results of air flow

rate on biomass consumption rate and H,/CO ratio are given in Figure. 7. The range
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of H,/CO ratio was 1.0 to 1.2, suggesting that the produced gas can be used in power
applications.

Mass balance calculation is a preferred method to check the consistency of
the experiment and collected data. Total mass inputs include biomass and air, while
total mass outputs include total gas product, liquid (tar and water), and solid (char
and ash). Therefore, the favored indicator to determine any possible experimental
discrepancies in the mass balance closure which is the percentage ratio of the total
product output mass to that of the total raw material input. Due to nature of a
relatively large-scale setup and variety of multi-phase reactant and product involved
in this experiment, 100% closure is challenge, however most of the trials resulted in
acceptable closures of within the 80-98%. Sheth et al. (2010) discovered that the
average mass balance closure is found to be 94% from waste wood gasification using
downdraft gasifier. Ouadi et al. (2013) reported the mass balance and closure from
paper industry waste gasification using fixed bed downdraft gasifier were in the range
of 86-130%. They described that the closures outside this margin were largely due to

the instrumental error.
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Figure 5.4 Effect of air flow rate on conversion without heat thermal integration unit.
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Table 5.2 Effects of air flow rate on biomass consumption and cold gas efficiency.

Biomass Specific

Gas flow  consumptio  gasification

gas

Specific fuel

production  Cold gas

rate n rate rate rate efficiency LHV

(m’/hr) (kg/h)  (kg/hrm?)  (m’/hrm’) (%) (M/m)
1.62 3.00 48.96 23.53 32.90 3.66
Non-Heat 1.98 3.00 48.96 35.55 34.68 3.82
Integratio 2.34 3.16 51.53 39.50 48.41 3.43
n 3.06 3.27 53.41 42.31 53.59 3.91
3.54 3.60 58.75 44.13 54.39 3.57
1.62 3.00 48.96 19.05 34.08 3.79
Heat 1.98 3.06 49.93 23.58 38.11 4.23
Integratio 2.34 3.27 53.41 30.38 47.28 3.47
n 3.06 3.60 58.75 41.55 56.10 3.92
3.54 4.00 65.27 42.45 53.33 3.49

Table 5.3 The mass input, mass output and the mass balance closures from peanut

shell gasification.

Total input Total out put o)
. . g
Airflow DUGED=N 8 é 8 S5 S % 9
g 8 S = - X T = = S
ate £ £ 2 89 e £5 28§ 27
3 2 2 g © T 2% g TS ™
(m™/hr) s & £ z g% B z 2
Size = = - =
1.62 3.00 4.10 3.69 0.87 0.12 95.90
1.98 3.00 5.04 454 059 0.04 97.47
Non- Heat Integration ~ 2.34 3.16 5.83 5.25 0.43  0.10 98.18
3.06 3.27 6.13 552 0.26  0.04 85.10
3.54 3.60 7.13 6.42 0.26  0.02 86.70
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Table 5.3 The mass input, mass output and the mass balance closures from peanut

shell gasification (Cont.).

Total input Total out put v
- C g
Arrfow &5 = 8 «E S 3 g o
2335 5 E o2 8w = g 8
e £E2 85 BL 8§ 5§ 27
s, @ 2 g B E B == 8= 4
(m’/hn) s = & 3 £ 3 3 s 4
Size & = - =
1.62 3.00 4.10 369 054 0.08 88.41
1.98 3.06 5.04 454 037  0.02 91.75
Heat Integration 2.34 A 5.83 5.25 0.36  0.07 94.72
3.06 3.60 643 552 022 0.05 80.75
3.54 4.00 7.13 6.42 0.17  0.02 81.30

5.1.3 The effect of Ni/char catalyst addition

The quality of product gas from peanut shell gasification was expected to be
improved in this presence of char and 5%Ni/char catalysts. In the experiment, 300 ¢
of catalyst was placed in the catalyst module (secondary reactor). The temperature
of catalyst module was kept at 500°C by using heating tape. The peanut shell was
fed at around 3-4 kg/hr. The inlet air flow rate of 1.62 m’/hr. Figure 5.7 showed the
gas composition obtained from experiments with char, 5%Ni/char and activated
carbon. In general, addition of char and 5%Ni/char catalysts have positive effect on
gas composition. The concentration of H, and CO was increased with both catalysts.
The result indicated that CO, reacted with carbon in char by dry reforming reaction
over the catalyst resulting in higher CO. The concentration of CH, was reduced as
pyrolysis product and tar are effectively cracked by catalytic thermochemical
reforming. Furthermore tar can be adsorbed on particles of char and react over the
active sites of Ni catalyst. Interestingly, the gas composition obtained from char and
5%Ni/char catalyst displayed no significant difference in term of conversions, as
shown in Table 5.2.

Comparison of the results from using 5%Ni/char and activated carbon

(commercial grade) indicated that the CO concentration was increased while CO,
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decreased, probably through the promoting of the Boudouard reaction. Whereas H,
concentration decreased and CO increased, this might be attributed to the gas shift
reaction. Moreover, the concentration of CH, was reduced more than the cases of
using char and 5%Ni/char catalysts, possibly from the fact that activated carbon has

much larger surface area to react with the hydrocarbon to produced synthesis gas.
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Figure 5.7 Effect of Char, 5%Ni/Char and Activated carbon catalysts on gas

composition to gas products.

5.1.4 The effect of Ni/dolomite catalyst

The experiment was performed with addition of dolomite and Ni/dolomite
catalysts using two different metals loadings of 5 and 10%wt, respectively. The
catalyst was placed in a separate catalyst module. The peanut shell feed rate was
around 3-4 kg/hr at inlet air flow rate of 1.62 m’/hr. Figure 5.8 displayed effect of
dolomite quantity (300 ¢ and 600 g) on the gas yields. The gas composition from
gasification using dolomite (300 ¢) as catalyst was 12.02%CO, 9.74%CO,, 9.25%H,,
1.74%CH,4, and 0.05% C.H,,. When dolomite loading was increased to 600 ¢, the gas
composition was 12.12%CO, 11.49%CO,, 10.37%H,, 1.55%CH,, and 0.04%C.H,,. Higher
catalyst loading led to greater gas species yields except for CHgq and C H,,. The result

indicated that the surface area of dolomite after calcined improves the volatiles and
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hydrocarbon cracking as well as steam reforming reactions. Carbon and hydrogen
conversions were 85.36% and 54.90% (300 ¢) and 91.68% and 58.77% (600 9),
respectively, as shown in Table 5.4.

Figure 5.9 showed the gas product concentration with 5%Ni/dolomite and
10%Ni/dolomite catalysts. The average concentration of produced gas was measured
to be H, 8.76%, CO 11.78%, CO, 10.70% and CH, 2.19% for a case of 5%Ni/dolomite
(300 g). Here, carbon and hydrogen conversions were 98.08% and 59.95%,
respectively. It was observed that the conversion to synthesis gas for the case of
5%Ni/dolomite increased with active site of Ni. The concentration of H, and CO, was
slightly increased to 9.11% and 11.08%, respectively, with 600 g of 5%Ni/dolomite.
However, carbon and hydrogen conversions were slightly decreased to 97.44% and
57.86%, respectively with 600 g loading 5%Ni/dolomite..

To evaluate the effect of Ni loading on dolomite support, the Ni loading was
increased from 5% to 10%wt. (based on 300 g of 5%Ni/dolomite and 10%
Ni/dolomite) in the experiments. The comparison of 5%Ni/dolomite with
10%Ni/dolomite catalysts revealed that H, concentration of the later was higher. On
the contrary, the carbon and hydrogen conversion of 10%Ni/dolomite was less than
runs with 5%Ni/dolomite. This probably caused by lower surface area of
10%Ni/dolomite than that of 5%Ni/dolomite. Lower of surface area of 10%wt is
maybe due to the Ni block some pores on the dolomite support effect to decreased
active site of the catalyst. The conversion performance was as follows:
5%Ni/dolomite > 10%Ni/dolomite > dolomite > w/o catalyst based on 300 ¢ of
catalyst. Interestingly, increasing the amount of dolomite and 5%Ni/dolomite from
300 ¢ to 600 ¢ did not show the highest activity even though it contains higher
catalyst loading. The experimental results indicated that 5%Ni/dolomite exhibited

the suitable reaction condition for synthesis gas production.
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81

Table 5.4 Effect of catalyst on carbon and hydrogen conversions.

Catalyst Carbon conversion Hydrogen conversion

CcO CO, CHy C H, CHg H

w/0 29.01 3174 9.22 6997 31.85 22.04 53.89
Char (300g) 33.55 26.45 508 6508 38.75 1275 5150
5%/Ni/Char (300¢) 34.80 26.71 529 6680 40.74 13.28 54.02

Activated carbon (300g) 48.26 29.28 4.06 81.61 44.82 9.66 54.48

Dolomite (300¢) 43.64 3537 635 8536 39.85 15.05 54.90
Dolomite (600g) 4400 41.72 595 91.68 44.65 14.12 58.77
5% Ni/dolomite (300g) 46.76 4247 8.85 98.08 39.72 20.24 59.96
5% Ni/dolomite (600g) 46.25 4397 722 9744 4131 1650 57.81

10% Ni/dolomite (300¢) 4543 3251 7.45 8539 40.82 17.03 57.86

5.2 Gasification performance of downdraft gasifier with Cassava rhizome
5.2.1 The system performance and effect of heat recovery unit.

The cassava rhizome (size 10-15 mm) was fed approximately 3-4 kg/hr in a
continuous operation with average air flow inlet of 1.98 m’/hr. Figures 5.10 and 5.11
showed the temperature distributions along of the gasifier w/o and with heat thermal
integration unit. During system startup, the temperature at each zone increased, and
then became stable after 10-20 min. The temperature of drying and pyrolysis was
around 100-200°C and 200-400°C, respectively. Temperature in the drying and
pyrolysis stages is relatively low because the input energy mainly transmitted by
radiative heat transfer between solid and gas phase from oxidation zone (Tinaut et
al,, 2008). The temperature of the throat section (oxidation zone) was varies around

700 to 800°C and that of reduction zone was stable at around 600°C.

The heat thermal integration unit was used to return hot gas exiting from the
reactor to heat recover section (at drying and pyrolysis zone of the reactor). This can
improve the heating performance and resulting in set point temperature being
reached in short time and facilitated stability of each temperature zone. The result

was compared with non-heat thermal integration unit as shown in Figure 5.10. During
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system startup, longer time was needed for temperature of drying and pyrolysis zone
to reach set points though the final temperature was not stable for the case of non-
heat integration unit. The oxidation zone temperature depends upon the heat
released due to the biomass combustion and air flow rate. For this reason, the
gasifier has thermal inertia, hence temperature will not be raised to a high
temperature until the thermal inertia is overpower (P. Lv et al,, 2007). The average
gas composition was about 12.83%CO, 11.88%CO,, 12.63%H,, 2.13%CH4. The
conversion data for cases of both non-heat and heat thermal integration units are
given in Figure 5.12. For non-heat thermal integration unit, carbon conversion to CO,
CO, and CHg; were, 25.37%, 50.92%, and 8.64%, respectively and hydrogen
conversion to H,, CH; were 43.01% and 22.78%, respectively with lower heating
value of 3.37 I\/U/m3. For heat thermal integration unit, carbon conversion to CO, CO,
and CHg, were increased to 26.85%, 39.21%, and 8.23%, respectively and hydrogen
conversion to H,, CHy were greater at 42.00% and 21.79%, respectively with lower
heating value of 3.06 MJ/m’ (Table 5.3).
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Figure 5.10 Temperature distribution within gasifier w/o thermal integration unit.
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Table 5.5 Effects of heat thermal integration unit with 1.98 m’/hr

Carbon Hydrogen LHV Cold gas

Conversion Conversion (I\/U/m3) Efficiency

(%) (%) (%)

coO cO, CHy Hp CHq

Heat recovery 26.85 39.21 823 42.00 21.79 3.06 42.69

Non-Heat recovery 2537 50.92 8.64 4301 2278  3.37 42.81

5.2.2 The effect of air flow rate

In this experiment, the rate of inlet air flow can be directly controlled but not
the case for the equivalence ratio since the biomass consumption rates depend on
the reaction rate in the reactor. The inlet air flow rate varies from 1.98 to 3.54 m’/hr
and superficial gas velocity was 32.31 to 49.93 m/hr.,, which comparable to
equivalence ratio (ER) of 0.13 to 0.29. Figure 5.13 showed the effect of air flow rate
on carbon and hydrogen conversions. At low air flow rate, the concentration of CO,,
tar and char was greater than that of higher flow rate. This is maybe due to lower
temperature at combustion zone which led to lesser cracking and reforming
reactions of products from the pyrolysis zone. When improved inlet air flow rate
from 1.98 to 2.50 m3/hr, the hydrogen conversion to H, and carbon conversion to CO
increased whereas the carbon conversion to CO, decreased. Furthermore, more heat
to the gasification process also enhanced tar destruction and hence, better product
gas quality. Increasing the air flow rate resulted in higher temperature at oxidation
zone which led to higher rate of reaction at drying, pyrolysis and reduction zones.
Moreover it could be due to the carbon in char reaction with CO, and steam which
resulted in higher CO/CO, ratios. The CO/CO, ratio thermodynamically favored
increased with temperature (Franco et al., 2003). When increased air flow rate up to
3.06 m3/hr, the conversion was slightly decreased since more N, was supplied into
the oxidation zone. This also resulted in diluted gases product and deteriorated

energy content in gas. The optimum air flow rate to fuel ratio was achieved for 2.50
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m’/hr at 3.84 kg/hr of cassava rhizome (5-10 mm). It is recommended that the gasifier
should be operated within these ranges to produce high quality produced gas. At this
condition, the carbon conversions to CO,, CO and CH; were 36.72%, 46.22% and
9.44%, respectively and hydrogen conversions to H, and CHg were 41.10% and
24.81%, respectively. Furthermore, the lower heating value of 4.46 MJ/m’ and the
cold gas efficiency of 54.86% were obtained as illustration in Table 5.6. The air flow
rate significantly effects to the gasifier performance as it regulates the biomass
consumption rate (Table 5.6). As the air flow rate increased, the oxidation reaction
increased by more oxygen availability and the heat transfer from the oxidation
reaction promoted the endothermic gasification reactions (Pérez et al,, 2012). The
oxidation temperature depends on the heat released via the biomass combustion
and air flow rate which provides more oxygen to oxidize material in the gasifier
(Sheth et al.,, 2009). When the air flow rate increased, the biomass consumption rate
increased resulting in greater specific gasification rate which also accounted for the
increase in gasification efficiency (Hernandez et al., 2010). Singh et al. (2006)
examined cashew nut shell gasification using down draft gasifier, their results
suggested that the producer gas lower heating value and gas vyields of its
combustible constituents and gasification efficiency increased at air flow rate. The
results agree with Dogru et al. (2002) Zainal et al. (2002) and Pratik and Babu (2009)
Martinez et al. (2012).

The experimental results could then be compared with other studies on
gasification of the cassava rhizome. Sornkade et al. (Sornkade et al., 2013) explored
the conversion of cassava rhizome using an updraft fixed bed gasifier at 800°C, ER of
0.2-0.4 without catalyst. They found that the cold gas efficiencies were 38.43-53.97%.
Ngamchompoo and Triratanasirichai. (2013) described the quality improvement of
producer gas from cassava rhizome gasification with downdraft gasifier. They claimed
the maximum cold gas efficiency of 65%, which was slightly lower than the cold gas

efficiency of typical air-steam gasification (69%).
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5.2.3 The effect of biomass particle size

In this experiment, the effect of cassava rhizome particle size < 5, 5-10, and
10-15 mm while air flow rate varied from 1.98 to 3.06 m’/hr was studied with
increase inlet air flow rate from 1.98 to 2.3¢ m’/hr. The biomass consumption rate is
directly relational to the air flow rate and superficial gas velocity while it was
conversely proportional to the particle size of biomass (Table 5.6). From results
obtained, the conversion to H, and CO increase with particle size, while the
conversion to CHy and CO, decrease. The hydrogen conversion to H, and carbon
conversion to CO increased for all particle sizes while carbon conversion to CO, and
CH,4 and hydrogen conversion to CHy slightly declined via dry reforming reaction. As
gas species pass over the hot char and charcoal in the reduction zone, the
exothermic water shift reaction can also take place and produce H, and CO at this
zone. Additionally carbon in char was reformed with CO, to produce CO through
Boudouard reaction. At the air flow rate of 2.50 m3/hr, the highest conversions for
both carbon and hydrogen were 92.39% and 65.92%, respectively, using particle size
of 5-10 mm as shown in Figure 5.14. The carbon and hydrogen conversions were
then slightly decreased to 86.85% and 61.07%, respectively, with particle size of 10-
15 mm as shown in Figure 5.15. The conversion to CO, H, and CHg4 increased by
increasing the particle size of biomass and air flow rate, which can be described by
the high temperature favored high conversion rate.

The smaller cassava rhizome particles tend to block the air void age, leading
to high pressure drop in side the reactor and the exothermic reaction at burning
zone (McKendry, 2002a). Larger particle of cassava rhizome would take longer time
to burn and react; therefore the reforming and cracking reactions of volatile products
were improved. Moreover, the moisture content in biomass would encourage water
gas and shift reactions, thus leading to the upgrading of the producer gas quality.
However the conversion of largest particles (10-15 mm) was slightly decreased which
could be explained by mass and heat transfer resistance of the surface area. Lv et al.
(2004) state that the larger particles of biomass contains greater heat transfer
resistance, the actual temperature inside biomass is lower, which leads to

devolatilization process. Similar to Hernandez et al. (2010) who say that the small
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particles are exposed to greater heat transfer as the external of surface area to mass
ratio is higher. These results suggested that the optimum cassava rhizome particle
size for this modular gasification system burning cassava rhizome is 5-10 mm. The
mass balances closures from cassava rhizome gasification with varied air flow rate
and particle size are presented in Table 5.7. The results indicate that the mass

balances closures are within 70-96%.
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Figure 5.13 Effect of air flow rate on conversion of cassava rhizome (<5 mm).
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Figure 5.14 Effect of air flow rate on conversion of cassava rhizome (5-10 mm).
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Figure 5.15 Effect of air flow rate on conversion of cassava rhizome (10-15 mm).

Table 5.6 Effects of air flow rate on biomass consumption and cold gas

efficiency.
Biomass Specific fuel
Gas flow consumption Specific gas production Cold gas
Size rate rate gasification rate efficiency LHV
(mm) (m’/hr) (ke/hr) rate (kg/hrm’)  (m’/hrm’) (%) (MJ/m”)
1.98 4.54 75.61 21.67 27.05 4.55
2.34 4.43 73.81 29.66 39.36 4.51
=5 2.50 6.20 103.33 37.24 34.45 4.52
3.06 6.00 100.00 38.39 36.81 4.03
1.98 3.50 58.33 22.38 36.20 4.66
2.34 3.60 60.00 28.10 44.68 4.16
0 T 3.84 64.00 36.03 5486 4.46
3.06 4.50 75.00 43.76 56.54 4.64
1.98 2.84 a7.27 17.36 36.43 3.80
2.34 3.71 61.90 27.80 51.15 4.19
10-15
2.50 3.86 64.29 34.20 55.02 4.23

3.06 4.43 73.75 42.02 43.01 4.39
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Table 5.7 The mass input, mass output and the mass balance closures from cassava

rhizome gasification.

Total input Total out put v
>
Toosess 55 B 23
Size fow 4 3 S = E - 0 3
e £ <8 o g g o35 = 5 <
(mm) rate S 2 g © © 2 & o £ 3T =
& 5 5 0 = S z = & 2
(mB/hr) o - a g a k‘_O_/ 6 = é
1.98 4.54 4.10 3.69 0.73 0.10 70.52
2.34 4.43 5.83 5.25 1.02 0.07 88.61
<5
2.50 6.20 6.13 5:52 1.24 0.13 70.49
3.06 6.00 7.13 6.42 0.93 0.10 73.64
1.98 3.50 4.10 3.69 0.50 0.12 80.13
2.34 3.60 5.83 5.25 0.78 0.10 96.85
5-10
2.50 3.84 6.13 5.52 0.85 0.05 86.70
3.06 4.50 7.13 6.42 0.60 0.09 82.39
1.98 2.84 4.10 3.69 0.40 0.05 87.81
2.34 3.71 5.83 5.25 0.51 0.04 90.18
10-15
2.50 3.86 6.13 5.52 0.49 0.10 82.23
3.06 4.43 7.13 6.42 0.49 0.09 81.81

5.2.4 The effect of Ni/char catalyst

To study the effect of Ni/char catalyst, cassava rhizome particle (10 mm) was
fed in a continuous operation during gasification with secondary catalytic reactor
attached. In these runs, 300 ¢ of 5%Ni/char catalyst was placed on the catalyst
reactor. The selected inlet air flow rate was 1.98 m3/hr, because this condition
presented high tar and hydrocarbon gas in product. Figure 5.16 showed the gas
composition with and without catalyst. It can be observed that CO and H,
productions were improved whereas the CO, production reduced when used with

5%Ni/char catalyst. The result suggested that CO, reacted with carbon in char via dry
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reforming reaction over 5%Ni/char catalyst resulting in the enhance of CO. The CHq4
production decreased because tar is cracked and reacted to smaller gas molecules.
Also tar can be adsorbed on char particles and react over the active sites of Ni
catalyst. The carbon and hydrogen conversions increased to 65.22% and 55.69%,
respectively when the catalyst was used (Figure 5.17). Abu El-Rub et al. (2008)
discovered that the adsorbed of tars and carbon in cokes formed can be catalytically
converted to CO and H, by steam and dry reforming reactions. Additionally the
carbon in char can easily reacts with oxygen and be oxidized into CO (Shen et al,,
2014b). Comparing with the activated carbon, the carbon conversions to CO,, CO and
CH4 were 30.97%, 40.31%, and 5.75%, respectively and hydrogen to H, and CHy were
40.21% and 15.08%, respectively. From these results, the carbon conversion was

increased as a result of the active site of activated carbon.
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Figure 5.16 Effect of 5%Ni/char catalyst on gas composition from cassava rhizome

gasification.
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Figure 5.17 Effect of 5%Ni/char catalyst on C and H conversions from cassava

rhizome gasification.

5.2.5 The effect of Ni/dolomite catalyst

Figure 5.18 showed the gas compositions obtained by gasification with
dolomite support and 5%Ni/dolomite addition. The gas composition from cassava
rhizome gasification using dolomite 300 ¢ was 14.19%CO, 11.21%CO,, 14.02%H,,
2.12%CH4, and 0.11%C.H,, and when increased dolomite to 600g, the gas
composition was 14.07%CO, 13.96%CO,, 10.92%H,, 2.14%CH,, and 0.04%C.H,,. The
concentration of CO, increased, probably due to its released from CaO and MgO
phases in dolomite. The carbon conversion increased from 76.33% to 83.79% with
increased loading of dolomite from 300 to 600g. The dolomite support not only
promoted the catalytic reaction but also protected sintering of catalyst. Moreover, it
can help relief pressure drop in reactor and eliminate the loss of the catalyst as fly
ash. This result was similar to Waheed et al. (2016) who studied the effect of
Ni/dolomite on rice husks by dry reforming reaction. They found that dry reforming
reactions with 10% Ni/dolomite can increase H,/CO, ratio. In addition, the porous
property of dolomite support might help cracking and reforming of tar (Gao et al,,

2012).
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In the presence of 5%Ni/dolomite catalyst, the influence of 300 ¢ and 600 ¢
of 5%Ni/dolomite loading was investigated. In Figures 5.18-5.19, it might be noticed
that the concentration of CO and H, were greater whereas the CH, reduced with
higher catalyst loading. The H,/CH; and CO/CO, ratio were increased with
5%Ni/dolomite catalyst, demonstrating the effectiveness of steam reforming of CH4
and char reaction with CO, via Boudouard reaction. The carbon and hydrogen
conversions also enhanced with increased catalyst loading to 600 g. For 600 ¢ of
5%Ni/dolomite loading, the result showed that the highest conversions were 55.70%
and 6.07% for hydrogen conversion to H,, CHy and carbon conversion to CO,, CO and
CHg, were 35.90%, 45.57% and 2.32% respectively.

The product with 5%Ni/dolomite catalyst improved the cracking of tar to
form higher gas generation. The hydrogen yields through the use of catalyst were
significantly increased when compared with dolomite support. The H, yield with
5%Ni/dolomite catalyst was improved to 23.95 ¢ H,/kg biomass. The catalyst reaction
was driven for tar reforming, when the product gas passed over the catalyst, then the
tar and condensable hydrocarbons could be reformed on the active site of catalyst
surface with steam and carbon dioxide, hence producing hydrogen and carbon
monoxide. Li et al. (2008) argued that the Ni catalyst might extend gas residence
times in the reactor which would promote water-gas reaction and cracking of tar and
hydrocarbon after the vapor passed through the layer of catalyst. Miao et al. (2010)
also explained the reaction on catalyst surface in which the gas product and
hydrocarbon vapor diffused on the external surface and internal pore of catalyst and

then the cracking process ensued at those sites.
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Figure 5.18 Effect of 5%Ni/dolomite catalyst on gas composition from cassava
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Figure 5.19 Effect of 5%Ni/dolomite catalyst on C and H conversions from cassava

rhizome gasification.

5.3 Characteristic of char and tar from gasification

The ultimate analyses of char produced from the peanut shell and cassava

rhizome gasification after each test are presented in appendix which would be used

to determine elemental contents in the char residue. The carbon content at low air
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flow rate inlet was more than that at high air flow rate. The decomposition of char
increased with air flow rate because more char can be converted to gas through
thermal cracking, Boudouard, and other oxidation reactions.

Tar condensate formation during each experimental was also measured.
However, any tars downstream of the charcoal filter and pipe lines were not
determined. Generally, the tar production was relatively small and reliably collection
was challenging. The collected tars were in the range of 0.3-4% as shown in Table
5.3 and Table 5.7. Normally some tars by products are present in the produced gas
from gasification process. The main components of tars are heavy hydrocarbon
compounds, containing aromatic compounds and other oxygen-containing
hydrocarbons (Olgun et al., 2011). The functional groups present in the tar from pipe
line are shown in appendix. The compounds present in the tar were identified by
comparing the mass spectra chromatogram obtained with that of standard
chromatogram. It was found that tars comprise around 40 compounds with carbon
chain of C4-Cy. The most prominent peaks are 1-heptadecene, 1-nonadecene,
phenol, and anthracene which can be utilized as chemical feedstock or further

steam reforming with catalyst to produce synthesis gas.

5.4 Power gas generation

Figures 5.20 and 5.21 showed the gas composition from peanut shell and
cassava rhizome gasification. The gas composition from peanut shell gasification, the
gas composition was 14.55%CO, 8.48%CO,, 7.45%H,, 3.05%CH,4, and 0.12%CH,, with
air flow rate of 2.3 m’/hr. The lower heating value of producer gas was 3.79 MJ/m’
and the carbon and hydrogen conversions were 79.56% and 52.18%, respectively. In
case of cassava rhizome (5-10 mm) was 15.37%CO, 10.12%CO,, 10.92%H,, 2.80%CH,,
and 0.18%C.H,, with air flow rate of 2.50 m3/hr. The lower heating value of producer
gas was 4.19 MJ/m’ and the carbon and hydrogen conversions were 85.31% and
66.85%, respectively. Generally, the minimum lower heating value required in the gas

engine application should be around 3.5-4.0 MJ/m’ (Basu, 2010d). From the
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experimental results, power generation may proceed when supplying 3-4 kg/hr of

peanut shell or cassava rhizome.
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Figure 5.20 Composition of gas produced from peanut shell gasification.
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Figure 5.21 Composition of gas produced from cassava rhizome gasification.

Power generation using producer gas from peanut shell and cassava rhizome
gasification was carried out in a reciprocating internal combustion engine originally

designed for Liquefied Petroleum Gas (LPG) fuel. The specification of gas engine and
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generator are shown in Table 3.2. Compared to LPG fuel when the efficiency is about
16.88%, if producer gas is used, the efficiency then decreased to 11.03% and 11.29%
for cases of peanut shell and cassava rhizome gasification, respectively (at maximum
load, Figures 5.22-5.24). The cold gas efficiency of the gasification system was 53.66%
and 54.92% for peanut shell and cassava rhizome feedstock, respectively. During the
experiment, the generated electricity output was approximately 0.32-0.48 kW at 220-
110V. Generally, the gasification provided producer gas with enough flow to the gas
engine. The producer gas consumption of engine was around 1.8-2.4 m3/hr, whereas
the producer gas flow from gasifier was close to 5.83 m’/hr. The specific
consumption was mainly influenced by the energetic potential of fuel as a function
of required power. The specific fuel consumption of biomass (SFC) at high load with
peanut shell was 3.98 kg/kWh and 3.25 kg/kWh with cassava rhizome. The efficiency
for the overall system would be the sum of the gas efficiency of gasifier and the
efficiency of the power generation. Here, the overall efficiency of system from
peanut shell and cassava rhizome was 11.84% and 12.12%, respectively.

However, the global efficiency dropped on the conversion of the producer
gas into electricity, mainly due to low thermal efficiency of reciprocating internal
combustion engines and calorific value of gas. The result was similar to Boloy et al.
(2011)  who performed downdraft gasification couple to engine generator and
reported that at the maximum load, the thermal and electricity generation efficiency
was 13.5% and 12.8%, respectively. Marculescu et al. (2016) found that the global
efficiency of engine generator was 24.24% with natural gas and the efficiency then
decreased to 18.2% with synthesis gas. Li Chaves et al. (2016)  studied the small
scale electricity generation by gasification of wood residue to engine generator, the
overall efficiency of the engine generator system was lower (4.5-17%). The thermal
efficiency of ICE and quality of producer gas strongly dictate the overall energy

generation efficiency.
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Figure 5.22 The efficiency of the engine generator using LPG fuel.
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Figure 5.23 The efficiency of the engine generator using producer gas from cassava

rhizome gasification.
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Figure 5.24 The efficiency of the engine generator using producer gas from peanut

shell gasification.

5.5 ASPEN MODEL

5.5.1 Simulation Assumptions

The Aspen plus simulation flowchart of biomass gasification is shown in Figure

5.25. The following assumptions were considered in modeling the biomass

gasification process.

The gasification processes are isothermal and in steady state.

The chemical reactions take place at an equilibrium state.

The production gas is a mixture of CO, CO,, CHg4, H,, Ny, and H,O and follows
the idea gas law.

The sulfur content in the biomass and the formation of air pollutions are
negligible.

Tars are assumed to be negligible in the producer gas.

Char contains only carbon and ash is inert.
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5.5.2 Gasification model description

The overall gasification process consists of a number of steps: drying,
decomposition, combustion and gasification. Feed is specified as a non-conventional
component in Aspen Plus and defined in the simulation model by using the ultimate
and proximate analysis. This simulation is developed under the assumption that the
residence time is long enough to allow the chemical reactions to reach an
equilibrium state. Peng-Robinson method is recommended for gas-processing,
refinery and petrochemical applications. In this study, biomass was defined as non-
conventional components from the perspectives of ultimate and proximate analysis
(Table 5.8-5.9). Ashes were also defined as a non-conventional component. A
number of Aspen Plus reactors were used to develop the model. The main
processes were simulated by four reactors in Aspen plus: RStoic, RYield, RGibbs and
Requilibrium (Table 5.8). The block DRYREACT was used to drying process by Rstoic
reactor (FORTRAN code). Then the devolatilization process was decomposed in the
block DECOMP by RYield reactor. The biomass was transformed from non-
conventional component (from ultimate analysis) to conventional (elements C, H, N,
O, S etc.) by FORTRAN code. Then the combustion and gasification process was
performed in the block BURN and REQUL, which in chemical equilibrium based on
Gibbs free energy and phase equilibrium stoichiometric. The product gas was cooled
and separated in COOLER and SEPARATE block. To validate the simulation result,

experimental data from gasification of peanut shell waste and cassava rhizome with

GASES2
REOUL

DRYREACT r | BURN SEPARATE

5 AN DECOMP k=
GASES1 cooL f ]:
50LDS

LiauiD COOLER

downdraft gasifier were used.

WETCOAL

= L

Figure 5.25 Flow chart of biomass gasification simulation using Aspen Plus.
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Table 5.8 The simulation of operation condition gasification parameter.

ltems Parameter

Method Peng-Robinson

Stream MCINCPSD

Nonconventional properties Enthalpy HCOALGEN
Density DCOALIGT

Ambient condition 30°C and 1 atm

Gasifier 700-900°C

Air input 1.62-3.50m/hr

Biomass peanut shell and cassava rhizome

Table 5.9 Description of the unit operation of the blocks in the simulation.

Block Model  Description Purpose

DRYREAC  RStoic  Reduction of biomass moisture  Drying of biomass
content (FORTRAN)

DECOMP RYield  Conversion of non-conventional ~ Decomposition of

feed to conventional biomass according to its
components (FORTRAN) proximate and ultimate
analyses
BURN RGibbs  Chemical equilibrium based on  Combustion of biomass

Gibbs free energy

REQUL REquil  Chemical and phase equilibrium  Gasification of biomass
based on stoichiometric
calculation

COOLER Heater  Cooling of product gas

SSPLIT SSplit Separation of solid from product

gas

In the simulation study, the effect of biomass and air flow rate on gas

composition has been investigated. The producer gas composition results obtained
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from experimental data and predicted gas composition with peanut shell at 3.05
m’/hr air flow rate are shown in Figure 5.26. The predicted results of peanut shell
were close to results from experiment data with the exception of CH,. The predicted
results of H, CO and CO, in the producer gas are in good agreement with the
experiment data. The results from experiments and simulations for gas composition
with varied air flow rate input are shown in Table 5.10. This result displays similar
trend with 3.05 m/hr air flow rate. The model under over-predicted CHg4 to the
experiment data which may be due to the chemical equilibrium in the model
promoted methanation reactions. This result is similar to Nikoo and Mahinpey (2008)
who say that the result of CH4 from simulation likely to overestimate. However, most
results from simulation maintain acceptable degree of deviation in most cases. Kuo
et al. (2014) reported that the measured CH, cannot be explained based on purely
thermodynamic equilibrium.

From the simulation results with cassava rhizome it was found that the gas
compositions of cassava rhizome particle size 5-10 mm were close to the
experimental result with the exception of cassava rhizome particle size 1-5 and 10-15
mm as shown in Figure 5.27-5.29 and Table 5.11-5.13. This may be due to the effect
of particle size distribution and mass transfer resistance in the model. In this result,
the gas composition from cassava rhizome particle size 5-10 mm at 2.50 m’/hr
showed reasonable agreement with the experimental data for all components with
the exception of CHs. The H, from experimental data are lower than predicted
results because in reality all chemical equilibrium reactions cannot be reached within
turnover time inside the reactor. The predicted gas composition from simulation
model of peanut shell waste is closer to experimental result than that of cassava
rhizome. The developed model is able to simulate the performance of the gasifier

and predicted results are in good agreement to the experimental results.
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Table 5.10 The gas composition from peanut shell gasification: experimental &
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Figure 5.26 Comparison of gas composition from peanut shell gasification:

experimental & simulation.

simulation.
Air flow rate Gas composition (%) Solid
(m>/hr) Experimental (kg/hr)
H, co CO, CHq
1.62 10.26 11.17 12.22 3.55 0.54
1.98 11.98 15.92 15.42 2.60 0.13
2.34 10.76 11.34 12.42 2.45 0.33
3.06 11.32 12.92 12.07 2.40 0.18
3.54 10.56 11.95 11.90 2.36 0.13
Simulation

1.62 13.02 13.72 13.70 9.33 0.16
1.98 12.44 11.26 12.26 8.11 0.16
2.34 11.54 10.86 11.88 8.15 0.17
3.06 13.00 11.55 10.37 5.53 0.19
3.54 13.22 11.45 10.58 5.48 0.22
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Figure 5.27 Comparison of gas composition from cassava rhizome (1-5 mm)

gasification: experimental & simulation.
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gasification: experimental & simulation.
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Table 5.11 The gas composition from cassava rhizome (1-5 mm) gasification:

30

15

10

gasification: experimental & simulation.

Air flow rate: 250 m*/hr

experimental & simulation.

B Experiment

Sirmulation

Figure 5.29 Comparison of gas composition from cassava rhizome (10-15 mm)

Air flow rate Gas composition (%) Solid
(m>/hr) Experimental (kg/hr)
H, co CO, CHq
1.98 14.41 14.77 15.66 3.05 0.73
2.34 10.38 17.23 13.27 3.4 0.84
2.50 10.11 18.82 12.66 2.95 0.96
3.06 10.97 14.49 11.92 2.83 0.93
Simulation
1.98 15.67 15.67 21.89 10.37 0.19
2.34 16.01 15.07 17.90 8.48 0.18
2.50 16.23 17.86 20.45 9.74 0.26
3.06 13.83 15.21 17.42 8.30 0.25
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Table 5.12 The gas composition from cassava rhizome (5-10 mm) gasification:

experimental & simulation.

Air flow rate Gas composition (%) Solid
(m’/hr) Experimental (kg/hr)
H, coO CO, CH,
1.98 15.31 14.82 15.62 3.07 0.50
2.34 12.79 13.69 15.62 2.84 0.78
2.50 11.08 16.39 13.02 3.18 0.85
3.06 11.11 17.82 11.80 3.19 0.60
Simulation
1.98 15.90 14.98 16.36 8.30 0.15
2.34 14.32 15.83 13.00 6.78 0.16
2.50 16.07 14.12 12.99 5.84 0.16
3.06 16.18 14.10 13.14 4.98 0.17

Table 5.13 The gas composition from cassava rhizome (10-15

experimental & simulation.

mm) gasification:

Air flow rate Gas composition (%) Solid
(m’/hr) Experimental (kg/hr)
Ha co CO, CHq
1.98 9.37 13.54 14.81 3.02 0.40
2.34 11.14 15.07 12.54 2.88 0.51
2.50 10.67 15.68 12.35 2.93 0.49
3.06 10.91 16.91 11.70 3.14 0.49
Simulation
1.98 14.06 11.52 15.67 5.07 0.12
2.34 17.90 15.83 14.51 4.14 0.15
2.50 19.64 17.86 11.04 3.57 0.16
3.06 19.22 17.28 11.20 3.04 0.18
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CHAPTER 6

Conclusions and Future work recommmendations

The aim of this study is to investigate the effects of air flow rate, biomass
particles size, addition of thermal integration unit and catalyst unit on biomass
gasification efficiency of peanut shell and cassava rhizome using modular downdraft
gasifier. The produced gas was also fed to a small gas engine system for power
generation. In addition, a steady state simulation for biomass gasifier to predict the
gas composition using ASPEN PLUS was performed.

The heat thermal integration unit returns product gases to heat recover
section which improves the temperature stability of the reactor and quality of
producer gas. As a result, the carbon conversion increased up to 3-10% at low air
flow rate. Increasing air flow rate to the reactor, led to a higher temperature at
combustion zone where the reactions are exothermic and heat is transferred to the
pyrolysis zone and reduction zones. The quality of product gas is found to be
depending on inlet of air flow rate and temperature at the oxidation zone with both
raw materials. For peanut shell gasification with the modified modular gasifier, the
optimum conversion without catalyst for carbon conversion and hydrogen
conversion were 87.10% and 57.21%, respectively at 3.06 m’/hr air flow. The lower
heating value and cold gas efficiency were 3.95 MJ/m’ and 56.10%, respectively. In
case of cassava rhizome, carbon and hydrogen conversion were 92.36%, and 65.92%,
respectively with particle size of 5-10 mm at 2.5 m’/hr air flow. The lower heating
value and cold gas efficiency were 4.46 MJ/m’ and 54.86%, respectively. The smaller
cassava rhizome particle sizes tend to block the air void, leading to high pressure
drop in the reactor, whereas the larger particles possess greater heat transfer
resistance.

In order to improve gasification efficiency, catalyst unit was coupled to the
main reactor. Char and 5%Ni/char catalyst are active to cracking and reforming
production gas into synthesis gas. The gas composition obtained from char and

5%Ni/char catalyst displayed no significant difference in term of conversions.
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Dolomite catalyst can be employed as both the filter of the tar and also enhanced
catalytic cracking reactions. Using synthesized 5%Ni/dolomite catalyst also leads to
high carbon and hydrogen conversions. Increasing the amount of dolomite and
5%Ni/dolomite from 300 g to 600 ¢ did not show the superior activity even though it
contains higher catalyst loading. Moreover, the 5%Ni/dolomite catalyst showed good
resistant to high temperature from biomass gasification.

On conversion of the producer gas into electricity, the global efficiencies were
to 11.03% (peanut shell waste) and 11.29% (cassava rhizome) comparing with 16.88%
when using LPG. The efficiency of gasifier-cogeneration system from cassava rhizome
and peanut shell was 11.84% and 12.12%, respectively, mainly due to low thermal
efficiency of reciprocating internal combustion engines and partly to the calorific
value of gas. Although, the technology is a promising alternative to supply electricity
from biomass gasification, especially in places where electrical distribution network is
not yet available.

A model was developed for the gasification of biomass with downdraft-fixed
bed gasifier using the ASPEN PLUS simulator. The predicted results of peanut shell
were close to experimental data with the exception of CH; The predicted gas
composition from simulation of peanut shell is closer to experimental result than
that of cassava rhizome. This may be due to the effect of particle size distribution
and mass transfer resistance in the model. The developed model is able to simulate

the performance of the gasifier and predicted results are in good prediction.

Future work recommendations
® Modification the ash grates removal with a motorized design for
continuous operation should be carried out.
® |mprovement of the air intake system from the gasification system to
power generation should be made.
® The effect of biomass particle size distribution on the ASPEN PLUS
model for simulating the performance of the gasifier should be

examined.
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Table A.1 The gas composition from peanut shell gasification.
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Peanut shell total feed (g) 3000.00  g¢/min 50
Char total solid (g) 542.00
Tar total liquid (g) 70.00 Heat Recovery Unit
Gas flow in (m3/hr) 1.62 Catalyst  Non-catalyst
Time CO Co, CH, H, C.H LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 1.23 4.88 0.24 0.05 0.04 0.26

2 1.32 5.11 0.24 0.10 0.03 0.27

3 1.42 5.48 0.26 0.16 0.04 0.30

4 1.61 7.06 0.30 0.24 0.05 0.35

5 4.01 11.08 0.93 1.49 0.09 1.03

6 6.30 14.06 1.70 2.70 0.03 1.71

7 7.21 15.04 2.07 3.01 0.02 1.98

8 7.82 15.70 2.36 3.19 0.00 2.18

9 7.80 1591 2.39 3.41 0.01 2.21

10 7.89 16.09 2.35 4.20 0.00 2.29

11 8.14 15.97 2.30 5.30 0.00 242

12 8.16 16.14 2.27 5.26 0.00 2.41

13 8.03 16.46 2.29 4.91 0.01 2.37

14 7.97 16.51 2.10 5.39 0.01 2.34

15 9.52 16.57 2.34 7.41 0.03 2.85

16 10.30 16.80 2.63 8.79 0.03 3.20

17 10.71 16.99 2.78 9.38 0.03 3.37

18 10.65 17.30 3.05 9.22 0.06 3.45

19 10.57 17.26 3.14 9.01 0.07 3.46

20 10.47 17.10 3.16 9.76 0.07 3.53

21 10.01 16.86 3.05 9.52 0.07 3.41

22 9.49 16.64 2.89 9.33 0.06 3.26

23 9.43 16.26 2.90 9.80 0.02 3.29




Table A.1 The gas composition from peanut shell gasification (cont.).
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Time co O, CHq H, CoHrn LHV (MJ/m”)
24 978  16.48 3.10 9.56 0.03 3.39
25 1124 17.21 3.51 9.53 0.07 3.73
26 1139 17.43 3.70 9.72 0.07 3.84
27 11.43 1736 3.69 10.04 0.09 3.88
28 1138 17.04 3.57 10.41 0.09 3.87
29 11.00  16.73 3.38 10.71 0.09 3.79
30 10.83  16.41 3.10 11.02 0.06 3.69
31 1117 15.94 2.81 11.75 0.06 3.71
32 1133 1587 2.92 12.53 0.08 3.86
33 11.24  16.15 3.16 12.57 0.05 3.92
34 11.67 1657 3.46 11.46 0.08 3.98
35 1233 16.98 4.24 11.01 0.01 4.27
36 1220 17.40 4.60 10.26 0.11 4.33
37 1151 17.54 4.51 9.55 0.13 4.14
38 1091  17.41 4.24 9.44 0.14 3.96
39 1123 17.15 4.04 9.25 0.12 3.90
40 1121 1656 3.39 8.83 0.1 3.62
41 10.12 1550 2.16 7.55 0.07 2.89
42 10.77 1444 1.44 6.83 0.04 2.63
43 1378 13.00 1.31 7.11 0.01 2.98
a4 13.94  11.62 1.01 6.13 0.00 278
45 13.00  10.74 0.75 4.63 0.01 2.41
46 1200 1121 0.61 2.84 0.10 2.08
a7 1072 11.96 0.55 1.97 0.10 1.80
a8 755  12.96 0.51 1.02 0.01 1.25
49 667  13.35 0.51 0.84 0.10 1.15
50 618  13.46 0.53 0.94 0.10 1.11

Average 11.17 1222 3.48 10.26 0.06 3.56




Table A.2 The gas composition from peanut shell gasification.
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Peanut shell total feed (g) 166.84 g/min 51
Char total solid (g) 20.00
Tar total liquid (g) 70.00 Heat Recovery Unit
Gas flow in (m3/hr) 1.98 Catalyst  Non-catalyst
Time CO Co, CH, H, C.H LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 13.82 14.27 2.53 12.38 0.07 4.01

2 13.72 14.69 2.53 12.18 0.07 3.98

3 13.60 15.15 2.55 12.02 0.08 3.96

4 13.67 15.54 2.66 11.93 0.09 4.00

5 14.46 15.84 3.06 12.08 0.13 4.27

6 15.20 16.16 3.50 12.09 0.17 4.54

7 15.57 16.36 3.78 12.71 0.18 4.76

8 15.81 16.93 3.90 12.93 0.19 4.86

9 15.76 16.53 3.98 12.96 0.18 4.88

10 15.18 17.07 3.90 12.70 0.20 4.75

11 14.92 16.43 3.56 12.42 0.16 4.56

12 17.51 1591 3.20 13.06 0.16 4.82

13 17.74 16.13 3.59 13.08 0.20 5.01

14 17.65 16.07 3.56 13.01 0.18 4.97

15 17.71 15.64 2.93 13.72 0.11 4.81

16 18.47 14.72 2.17 13.51 0.06 4.59

17 18.59 14.67 2.21 13.72 0.04 4.64

18 19.61 14.33 3.28 13.78 0.12 5.18

19 19.96 14.00 3.11 13.58 0.11 5.14

20 20.10 13.41 2.60 13.06 0.10 4.92

21 19.51 13.20 2.26 12.57 0.05 4.65

22 18.30 13.43 2.04 12.30 0.03 4.38

23 16.37 14.08 1.93 11.81 0.02 4.04



Table A.2 The gas composition from peanut shell gasification (cont.).
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Time co O, CHq H, CoHrn LHV (MJ/m”)
24 1517  14.66 1.90 11.34 0.01 3.82
25 14.85  14.91 1.86 11.26 0.00 3.76
26 14.87 1578 1.88 11.25 0.02 3.77
27 1481  15.64 1.96 11.52 0.02 3.82
28 14.55  16.04 2.09 11.54 0.00 3.83
29 14.22 16,50 2.44 11.48 0.05 3.93
30 14.28  16.59 2.64 11.40 0.06 4.00
31 14.18  16.58 2.67 11.18 0.07 3.98
32 13.78  16.55 2.62 11.15 0.07 391
33 1372 1643 2.62 11.04 0.07 3.89
34 13.68  16.34 2.59 10.94 0.08 3.86
35 13.83  16.18 2.54 10.39 0.09 3.81
36 13.97 1593 2.51 11.10 0.07 3.89
37 1385  15.66 238 11.11 0.05 3.82
38 13.85  15.63 2.32 11.08 0.05 3.79
39 13.77 1556 2.25 11.06 0.04 3.75
40 13.63  15.46 217 10.88 0.05 3.69
41 1343 1545 2.09 10.64 0.04 3.61
42 1320 15.45 2.01 10.35 0.02 3.51
43 1290 1558 2.00 10.33 0.05 3.48
a4 1290  15.63 2.09 10.52 0.02 3.52
45 1290  15.82 2.02 10.62 0.04 3.51
46 1299  15.95 2.17 10.38 0.05 3.56
a7 13.02  15.98 2.11 10.89 0.04 3.59
a8 13.02  16.00 2.24 10.95 0.04 3.6
49 1288  16.27 231 10.72 0.06 3.63
50 12.87  16.23 2.17 10.38 0.01 3.53
51 1250  16.51 2.79 8.19 0.02 3.47




Table A.2 The gas composition from peanut shell gasification (cont.).
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Time co Co, CH,q H, C.H., LHV (MJ/m’)
52 11.11 16.56 1.72 8.79 0.02 2.98
53 9.85 16.57 1.69 8.63 0.02 2.79
54 9.62 16.56 1.62 8.58 0.00 2.72
55 9.39 16.53 1.54 8.38 0.00 2.64
56 9.17 16.50 1.38 8.28 0.00 2.55
57 8.98 16.55 1.28 8.25 0.00 2.48
58 8.57 16.55 1.30 8.33 0.00 2.45
59 8.51 16.53 1.31 8.23 0.00 2.43
60 8.10 16.52 1.34 8.23 0.00 2.39
Average  15.92 15.42 2.53 11.98 0.07 4.23
Table A.3 The gas composition from peanut shell gasification.
Peanut shell total feed (¢) 3000.00  ¢/min 54.54
Char total solid (g) 361.27
Tar total liquid (g) 70.00 Heat Recovery Unit
Gas flow in (m’/hr) 2.34 Catalyst  Non-catalyst
Time co o, CHq H, C.H. LHV (MJ/m’)
0 0.00 0.00 0.00 0.00 0.00 0.00
1 3.50 6.87 fi» 241 0.94 0.00 0.98
2 4.98 10.48 1.62 0.51 0.03 1.27
3 5.09 11.34 1.80 0.78 0.03 1.38
4 6.24 12.35 1.44 1.44 0.05 1.48
5 6.30 12.79 2.35 2.26 0.06 1.90
6 5.89 12.99 2.62 2.88 0.05 2.01
7 1.37 13.19 2.35 3.75 0.07 2.20
8 7.23 13.04 2.26 4.24 0.05 2.20
9 7.28 13.38 2.19 5.10 0.05 2.27
10 7.83 13.56 2.41 5.53 0.06 247
11 8.22 13.75 2.39 6.00 0.07 2.57
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Table A.3 The gas composition from peanut shell gasification (cont.).

Time co O, CHq H, CoHrn LHV (MJ/m”)
12 8.10  13.87 2.54 6.36 0.04 2.63
13 777 14.08 2.51 6.88 0.04 2.64
14 756  14.49 2.47 6.98 0.03 2.60
15 771 1392 2.34 7.47 0.02 2.62
16 768 13.15 2.35 7.87 0.01 2.66
17 1146 1567 4.41 7.07 0.18 3.85
18 1067  13.95 3.40 8.29 0.14 3.51
19 1050  13.53 3.23 9.07 0.11 3.50
20 991  14.15 3.24 9.45 0.10 3.47
21 9.85  13.17 2.71 9.86 0.10 331
22 9.68  13.29 2.38 9.65 0.07 3.14
23 1008  13.20 2.30 9.83 0.04 3.17
24 1062  12.80 2.23 10.13 0.03 3.24
25 1036 13.70 3.31 10.46 0.01 3.63
26 1077 12.90 2.54 10.86 0.07 3.47
27 11.04 1245 3.15 10.69 0.05 3.69
28 1099  12.62 3.45 10.99 0.01 3.81
29 1063 12.95 3.02 10.08 0.04 3.53
30 1073 1297 3.55 10.99 0.05 3.83
31 1086  12.57 2.24 10.89 0.06 3.37
32 1107 12.35 2.05 10.07 0.02 3.23
33 1118 12.37 2.12 10.39 0.01 3.30
3¢ 1099 1251 2.57 10.36 0.01 3.43
35 1136 12.39 2.45 10.03 0.03 3.41
36 1182 1210 2.10 10.98 0.02 3.44
37 1227 12.10 2.90 10.78 0.00 3.75
38 1246  11.80 1.76 10.86 0.00 3.38
39 1261 1151 1.75 10.76 0.00 3.38

40 12.28 11.40 1.65 10.68 0.00 3.30




Table A.3 The gas composition from peanut shell gasification (cont.).
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Time co O, CHq H, CoHrn LHV (MJ/m”)
41 1250  11.39 1.60 11.39 0.00 3.38
42 1243 11.28 1.67 11.91 0.00 3.45
43 1229  11.19 1.66 11.35 0.00 337
a4 1230  10.30 1.66 11.21 0.00 3.36
a5 1169 1133 1.68 10.51 0.00 3.21
a6 1205  11.56 1.78 10.45 0.00 3.29
47 1230  11.42 1.78 10.25 0.00 3.30
a8 1216  11.94 2.16 12.05 0.00 3.61
49 1190  11.85 2.04 10.63 0.00 3.38
50 1187 11.66 1.75 10.88 0.00 3.30
51 1151  11.63 1.84 10.17 0.00 3.21
52 1173 11.49 1.67 10.83 0.00 3.25
55 1230 1147 1.63 10.78 0.00 3.30
54 1220  11.61 1.84 10.71 0.00 3.36
55 1142  11.52 1.86 9.74 0.00 3.16
56 10.86  10.94 1.44 9.18 0.00 2.88
57 1043 10.69 1.12 8.84 0.00 2.67
58 10.09  10.67 0.91 8.07 0.00 2.47
59 1284 10.85 0.87 9.36 0.10 2.98
60 1502  11.55 1.66 7.97 0.00 3.35

Average 1134  12.42 2.42 10.76  0.03 3.43




Table A.4 The gas composition from peanut shell gasification.
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Peanut shell total feed (g) 3000.00  g¢/min 50
Char total solid (g) 220.33
Tar total liquid () 40.00 Heat Recovery Unit
Gas flow in (m3/hr) 3.05 Catalyst  Non-catalyst
Time CO Co, CH, H, C.H LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 1.83 3.82 0.65 0.00 0.00 0.46

2 3.69 5.82 1.21 0.50 0.05 0.97

3 6.99 14.39 2.13 1.20 0.07 1.80

4 7.51 12.85 241 2.91 0.11 2.16

5 8.71 13.47 2.59 3.28 0.11 242

6 9.56 13.36 2.95 3.93 0.09 2.72

7 9.74 13.05 2.95 5.57 0.06 291

8 10.42 13.16 2.71 7.48 0.10 3.13

9 10.72 14.93 2.73 9.30 0.16 3.39

10 10.33 15.99 351 8.52 0.16 3.54

11 10.97 15.61 4.33 10.67 0.15 4.14

12 11.79 13.40 3.91 11.04 0.09 4.11

13 11.79 12.48 2.99 11.34 0.05 3.80

14 11.87 13.04 2.31 11.34 0.04 3.56

15 11.75 12.38 2.46 10.92 0.02 3.55

16 12.01 11.95 1.87 11.12 0.01 3.39

17 12.20 12.70 1.86 12.02 0.01 3.51

18 12.55 13.10 2.46 12.47 0.03 3.82

19 12.26 13.50 2.88 12.58 0.03 3.95

20 12.61 13.25 2.61 12.33 0.04 3.87

21 13.92 12.75 2.52 11.99 0.03 3.97

22 13.50 11.89 2.03 12.73 0.00 3.81

23 13.66 11.64 1.99 13.85 0.00 3.93




Table A.4 The gas composition from peanut shell gasification (cont.).
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Time co O, CHq H, CoHrn LHV (MJ/m”)
24 13.03  11.90 2.41 12.90 0.02 391
25 1319 11.39 2.25 13.55 0.01 3.94
26 1335  11.07 1.78 13.45 0.00 3.78
27 13.49  11.09 1.70 13.40 0.00 3.76
28 1340  11.35 1.82 13.20 0.00 3.77
29 13.00  11.48 1.89 13.16 0.00 3.74
30 1445  12.18 1.89 12.30 0.03 3.8
31 1430  12.36 2.89 11.60 0.04 4.11
32 14.68  11.56 3.30 11.33 0.01 4.26
33 14.22  10.84 253 11.30 0.00 3.92
34 1429  10.67 1.92 11.29 0.00 3.71
35 1449  10.41 1.77 11.46 0.00 3.70
36 1455  10.38 1.62 11.05 0.00 3.61
37 1457  10.25 1.59 10.81 0.00 3.58
38 1438  10.06 1.59 11.39 0.00 3.62
39 1420  10.27 1.48 12.47 0.00 3.67
40 1437 11.07 1.40 12.10 0.00 3.62
41 13.63  11.86 1.56 11.59 0.00 3.53
42 1347 11.22 2.12 12.04 0.00 3.76
43 1371 10.72 1.88 13.56 0.00 3.87
a4 13.80  10.81 1.57 13.99 0.00 3.82
45 13.00  11.98 1.68 14.00 0.02 3.76
a6 13.95  12.45 2.98 13.50 0.05 4.30
a7 13.98  12.74 337 11.62 0.04 4.24
48 1341 12.38 3.45 10.72 0.03 4.10
49 1327 10.88 3.02 9.59 0.00 3.79
50 1320 10.41 1.82 10.80 0.00 3.48

Average 1292  12.07 2.37 11.32 0.03 3.83




Table A.5 The gas composition from peanut shell gasification.
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Peanut shell total feed (g) 3000.00  ¢/min 45
Char total solid (g) 166.84
Tar total liquid (g) 20.00 Heat Recovery Unit
Gas flow in (m3/hr) 3.54 Catalyst  Non-catalyst
Time CO Co, CH, H, C.H LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 0.88 1.95 0.34 0.00 0.06 0.25

2 1.68 2.98 0.41 0.00 0.06 0.38

3 2.47 6.37 0.42 0.00 0.05 0.48

4 2.10 7.88 0.04 0.00 0.05 0.30

5 3.37 9.19 0.97 0.22 0.00 0.80

6 9.64 12.97 3.34 4.17 0.09 2.89

7 11.50 14.33 4.36 5.41 0.15 3.65

8 11.71 14.07 4.47 6.40 0.16 3.83

9 11.53 13.43 4.11 7.38 0.14 3.77

10 11.16 12.93 3.66 8.49 0.11 3.67

11 11.54 13.41 3.99 8.83 0.11 3.88

12 10.57 12.98 3.29 8.84 0.07 3.49

13 9.96 12.64 3.29 8.87 0.05 3.41

14 10.21 12.77 2.92 9.46 0.05 3.37

15 9.91 12.64 3.20 9.02 0.07 3.39

16 9.17 11.36 3.01 8.23 0.06 3.14

17 8.87 11.12 2.90 8.09 0.03 3.04

18 9.85 10.42 2,77 8.42 0.04 3.16

19 11.09 10.22 222 9.89 0.00 3.26

20 10.75 10.93 2.20 10.06 0.01 3.23

21 10.44 11.44 2.75 10.23 0.04 3.42

22 10.92 11.78 3.25 10.69 0.06 3.72

23 12.19 11.99 2.51 10.69 0.02 3.60




Table A5 The gas composition from peanut shell gasification (cont.).
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Time co O, CHq H, CoHrn LHV (MJ/m”)
24 13.04  11.89 2.05 10.65 0.00 3.53
25 13.25  12.36 2.04 10.77 0.00 3.57
26 1295 1235 2.08 11.02 0.00 3.57
27 1204 12.45 1.89 10.35 0.00 331
28 10.89  11.99 1.83 9.45 0.00 3.05
29 1070 11.89 1.67 8.79 0.00 2.90
30 1110 1233 1.28 7.66 0.00 2.69
31 1118 12,56 1.08 7.10 0.00 257
32 998  12.56 1.67 6.76 0.00 2.59
33 924 1245 1.12 6.58 0.00 2.28
34 989  11.11 0.91 6.28 0.09 2.29
35 1041 11.29 0.84 6.12 0.10 231
36 1151 11.24 0.74 6.60 0.09 2.46
37 12.78  10.98 0.69 5.90 0.07 2.52
38 1374 10.62 0.66 5.78 0.08 2.63
39 1454  10.14 0.64 5.49 0.07 2.68
40 1468  9.77 0.59 4.34 0.06 2.56
a1 13.65  10.14 0.70 3.69 0.07 2.40
a2 13.05  10.34 0.88 4.90 0.08 2.52
43 12.16  10.66 0.88 4.09 0.09 2.33
a4 1208 10.56 0.71 3.60 0.00 2.17
45 1207 10.34 0.71 3.50 0.00 2.16
a6 1203 10.23 0.90 3.90 0.00 2.26
a7 1205 10.44 0.80 3.50 0.00 2.19
a8 12.10  10.20 0.60 3.00 0.00 2.07
49 12.10  10.56 0.36 3.20 0.00 2.00
50 1209  10.22 0.90 4.90 0.00 238

Average 1195  11.90 2.35 10.56 0.02 3.51
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Table A.6 The gas composition from cassava rhizome (S5mm) gasification.

Cassava rhizome total feed (g) 3100.00  ¢/min 100
Char total solid (g) 620.00
Tar total liquid (g) 63.00 Heat Recovery Unit
Gas flow in (ma/hr) 2.50 Catalyst  Non-catalyst
Time CO Co, CH, H, C.H LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0 0.00

1 6.11 6.46 0.26 1.15 0.04 1.00

2 5.31 4.04 0.67 2.70 0.09 1.23

3 8.10 4.91 1.20 4.51 0 1.94

a4 12.18 6.75 1.89 5.01 0.03 2.77

5 14.84 8.40 2.29 6.35 0.07 3.40

6 16.39 9.16 2.48 7.02 0.09 3.75

7 17.40 9.49 2.58 7.47 0.09 3.96

8 18.19 9.54 2.61 7.70 0.11 4.10

9 18.70 9.46 2.62 7.85 0.11 4.19

10 19.04 9.42 2.61 7.97 0.11 4.24

11 19.29 9.32 2.65 8.16 0.12 4.31

12 19.54 9.21 2.64 8.33 0.13 4.36

13 19.64 9.15 2.60 8.35 0.12 4.36

14 20.04 8.97 2.54 8.31 0.12 4.38

15 20.31 8.99 2.55 8.40 0.13 4.43

16 20.45 9.09 2.70 8.92 0.13 4.56

17 20.27 9.24 2.92 9.17 0.12 4.64

18 20.16 9.30 2.93 10.02 0.14 4.73

19 19.76 9.35 2.88 10.29 0.13 4.68

20 19.17 9.44 2.82 10.57 0.12 4.61

21 18.75 9.59 2.81 10.58 0.14 4.57

22 18.54 9.71 2.82 10.54 0.13 4.54

23 18.41 9.79 2.79 10.22 0.14 4.48




130

Table A.6 The gas composition from cassava rhizome (S5mm) gasification (cont.).

Time co o, CHq H, C.H. LHV (MJ/m’)
24 1852 9.83 2.76 9.98 0.14 4.45
25 1854  9.93 2.80 9.92 0.14 4.46
26 1867  9.95 2.83 9.88 0.15 4.49
27 1857 991 2.83 9.81 0.13 4.46
28 1854  9.90 2.84 9.80 0.15 4.47
29 1857  9.89 2.82 9.81 0.14 4.46
30 1853  9.88 2.84 9.82 0.14 4.47
31 1856  9.94 2.84 11.25 0.14 4.63
32 1859  9.89 2.83 11.31 0.14 4.63
33 1854  9.89 2.85 11.33 0.16 4.64
34 1859  9.90 2.85 11.33 0.15 4.65
35 1853  9.87 2.85 11.40 0.14 4.64
36 1852 9.86 2.85 11.46 0.15 4.65
37 1844  9.90 2.86 11.32 0.15 4.63
38 1853  9.86 2.85 11.42 0.14 4.64
39 1851  9.87 2.86 11.48 0.15 4.65
40 1850  9.86 2.86 11.43 0.15 4.65
41 1828  9.86 2.87 11.47 0.15 4.63
a2 1837 9.87 2.86 11.53 0.14 4.64
43 1842 9.77 2.88 9.64 0.14 4.45
aa 1829  9.73 2.87 9.63 0.15 4.43
a5 1836 9.73 2.88 9.64 0.14 4.44
a6 1828  9.70 2.87 9.63 0.15 4.43
a7 1829  9.72 2.87 9.62 0.14 4.43
a8 1827  9.66 2.90 9.61 0.14 4.43
49 1829  9.65 2.88 9.60 0.14 4.43
50 1827  9.63 2.87 11.42 0.15 4.62
51 1820  9.59 2.89 9.65 0.14 4.42
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Table A.6 The gas composition from cassava rhizome (S5mm) gasification (cont.).

Time co o, CHq H, C.H. LHV (MJ/m’)
52 1827  9.63 2.88 9.50 0.15 4.42
53 1826  9.58 291 9.49 0.15 4.43
54 1827  9.59 2.87 9.47 0.15 4.41
55 1832 9.55 2.90 9.44 0.15 4.42
56 1827  9.57 2.90 9.40 0.16 4.42
57 1817  9.57 2.92 11.03 0.15 4.58
58 1820  9.47 2.90 10.94 0.13 4.56
59 18.18  9.49 2.92 9.16 0.14 4.38
60 1820  9.48 293 9.12 0.14 4.38

Average 1882  9.66 2.81 10.11 0.14 4.5

Table A.7 The gas composition from cassava rhizome (5-10mm) gasification (cont.).

Cassava rhizome total feed (g) 3000.00  ¢/min 50
Char total solid (¢) 712.00
Tar total liquid (¢) 40.00 Heat Recovery Unit
Gas flow in (m3/hr) 2.50 Catalyst ~ Non-catalyst
Time CO Co, CH, H, C.H., LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 2.96 6.71 0.34 0.00 0.07 0.52

2 2.97 7.25 0.36 0.00 0.08 0.53

3 2.70 7.19 0.36 0.00 0.00 0.47

a4 2.26 6.13 0.34 0.00 0.08 0.44

5 5.79 5.49 1.40 1.13 0.00 1.35

6 14.22 11.89 3.24 9.13 0.14 3.99

7 16.29 12.97 3.53 9.05 0.18 4.36

8 16.87 12.89 3.52 8.87 0.19 4.42

9 17.53 12.86 3.41 7.40 0.18 4.30

10 18.06 12.82 3.52 7.04 0.23 4.38
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Table A.7 The gas composition from cassava rhizome (5-10mm) gasification (cont.).

Time co O, CHq H, CoHrn LHV (MJ/m”)
11 1831 13.00 3.69 6.82 0.24 4.45
12 1828  12.80 3.86 6.85 0.24 4.51
13 18.06  12.44 3.94 731 0.25 4.57
14 1896 1234 3.72 7.77 0.23 4.65
15 1899  12.29 3.54 7.81 0.22 4.59
16 18.76  12.14 3.41 7.53 0.20 4.47
17 1886  12.11 3.40 7.30 0.20 4.46
18 1864  12.66 3.46 7.86 0.21 4.52
19 1856  12.59 3.44 8.49 0.19 4.56
20 1875  12.99 3.40 9.24 0.19 4.65
21 1846  12.89 3.29 10.58 0.18 4.72
22 17.66  12.76 3.17 10.95 0.17 4.61
23 16.14  12.88 3.10 11.41 0.16 4.44
24 1699  12.76 3.01 11.84 0.14 4.55
25 16.78  12.10 2.98 12.06 0.14 4.54
26 16.85  12.32 2.99 12.32 0.12 4.57
27 1675  12.49 2.96 12.50 0.14 4.57
28 1679  12.63 2.94 12.58 0.13 4.58
29 16.86  12.67 2.94 12.69 0.13 4.60
30 1699  12.66 2.94 12.90 0.12 4.63
31 1623 12.77 2.89 12.99 0.12 4.53
32 1621 1278 2.81 13.12 0.11 4.51
33 1620  12.79 2.80 13.11 0.12 4.51
34 1542  12.85 2.78 13.17 0.12 4.41
35 1523 12.76 2.75 13.14 0.12 4.37
36 1586  12.77 2.74 13.14 0.12 4.45
37 1543 12.68 2.71 13.42 0.12 4.41
38 1500  12.69 2.68 13.16 0.11 4.31
39 1521  12.64 2.65 13.01 0.10 4.31
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Table A.7 The gas composition from cassava rhizome (5-10mm) gasification (cont.).

Time co O, CHq H, CoHrn LHV (MJ/m”)
40 1501 12.63 2.64 13.00 0.10 4.28
a1 1506  12.59 2.61 13.21 0.09 4.29
42 1505 1257 2.60 13.15 0.08 4.28
43 1503 1254 2.62 13.19 0.09 4.29
a4 1598  12.62 2.84 13.82 0.08 4.56
45 1576 12.94 3.30 13.55 0.08 4.66
a6 16.88  13.53 3.69 13.33 0.10 4.93
a7 1694  14.09 3.94 12.09 0.14 4.90
a8 1697  14.29 3.97 10.66 0.19 4.78
49 1693  14.46 3.93 10.15 0.19 4.71
50 1707 14.23 4.02 8.59 0.21 4.60
51 1711 14.23 4.00 8.03 0.24 4.54
52 16.87  14.56 3.64 8.03 0.24 4.39
53 1637 14.89 3.42 9.56 0.24 4.41
54 1590  14.89 3.24 10.47 0.24 4.38
55 1551 13.56 3.09 11.24 0.19 4.35
56 1542 13.55 2.96 11.69 0.19 4.34
57 1532 1321 2.91 12.16 0.19 4.36
58 1515  13.22 2.85 12.40 0.16 4.33
59 1501 13.24 2.80 12.45 0.16 4.30
60 1489  13.11 2.78 12.35 0.16 4.27

Average 1639  13.02 3.18 11.08 0.16 4.5
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Table A.8 The gas composition from cassava rhizome (10-15mm) gasification.

Cassava rhizome total feed (g) 2700.00  g/min 64.28
Char total solid (g) 340.00
Tar total liquid (g) 70.00 Heat Recovery Unit
Gas flow in (m3/hr) 2.50 Catalyst  Non-catalyst
Time CO Co, CH, H, C.H., LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 0.21 3.83 0.14 0.00 0.04 0.09

2 7.29 6.64 1.76 3.61 0.02 1.95

3 9.72 9.78 1.97 5.98 0.04 2.59

4 9.81 11.07 1.40 5.98 0.01 2.39

5 8.60 11.33 0.93 4.17 0.00 1.87

6 8.25 12.87 1.44 4.67 0.01 2.07

7 10.58 13.66 2.47 7.87 0.07 3.09

8 11.95 13.45 2.75 9.49 0.10 3.55

9 12.90 13.17 2.63 10.86 0.09 3.78

10 12.65 12.82 2.41 10.63 0.07 3.63

11 12.15 12.94 2.19 10.38 0.06 3.46

12 11.42 12.77 2.02 10.05 0.06 3.27

13 11.51 12.41 2.24 10.77 0.06 3.44

14 11.56 12.79 2.25 11.67 0.06 3.55

15 11.67 13.13 2.27 11.60 0.07 3.56

16 12.10 13.81 2.76 12.00 0.10 3.85

17 10.27 14.21 2.70 11.85 0.12 3.59

18 10.29 14.53 2.99 11.33 0.13 3.64

19 12.18 14.58 3.02 10.80 0.14 3.83

20 12.45 14.44 3.07 10.25 0.15 3.83

21 12.65 14.32 3.08 9.89 0.16 3.82

22 13.11 14.26 3.12 9.58 0.16 3.86

23 13.50 13.95 3.10 9.32 0.16 3.88
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Table A.8 The gas composition from cassava rhizome (10-15mm) gasification (cont.).

Time co O, CHq H, CoHrn LHV (MJ/m”)
24 13.95  13.81 3.05 9.15 0.15 3.89
25 14.35  13.40 2.95 9.02 0.16 3.90
26 1479  13.14 2.82 9.09 0.14 3.91
27 1589 1237 2.67 9.23 0.12 4.00
28 1625  12.20 2.54 9.87 0.14 4.08
29 1644  11.97 2.49 9.92 0.12 4.08
30 1657  11.92 2.48 9.98 0.12 4.10
31 1664  11.75 2.48 10.01 0.12 4.11
32 1716 11.46 2.53 10.12 0.12 4.21
33 17.25  11.81 2.56 10.09 0.13 4.23
34 1736 11.74 257 10.09 0.13 4.25
35 1745  11.67 2.58 10.08 0.12 4.26
36 1762 11.73 2.59 10.09 0.13 4.29
37 17.84  11.82 2.69 10.38 0.13 4.38
38 1811 12.02 2.94 10.73 0.14 4.55
39 1845  12.10 3.21 10.85 0.14 4.70
40 1824 1234 3.40 10.39 0.18 4.71
41 1801 1243 3.44 9.70 0.18 4.62
42 17.62  12.40 3.22 9.47 0.20 4.47
43 1735 1238 3.52 9.51 0.19 4.55
a4 17.28  12.10 3.12 9.70 0.17 4.41
45 1732 11.71 2.90 10.37 0.15 4.40
46 17.40  11.70 2.81 10.71 0.14 4.41
a7 1709  11.76 2.67 11.12 0.12 4.36
a8 17.09  11.83 2.63 11.15 0.12 4.35
49 1693  11.59 2.60 11.39 0.11 4.34
50 1677  11.57 2.61 11.53 0.11 4.34
51 1673 11.48 2.61 11.63 0.12 4.35
52 1679  11.60 2.61 11.64 0.11 4.35
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Table A.8 The gas composition from cassava rhizome (10-15mm) gasification (cont.).

Time co O, CHq H, CoHrn LHV (MJ/m”)
53 1679  11.82 2.62 11.59 0.12 4.35
54 1657  11.71 2.62 11.49 0.11 4.31
55 1624 1176 2.58 11.53 0.12 4.26
56 16.04  11.66 2.58 11.45 0.11 4.22
57 1575  11.95 2.62 11.60 0.11 4.22
58 1560  11.97 2.60 11.76 0.12 4.21
59 1568  12.14 2.97 12.17 0.13 4.40
60 1599  12.19 3.05 11.89 0.14 4.44
Average  15.68  12.35 2.80 10.67 0.13 4.18

Table A.9 The gas composition from peanut shell gasification with 5%Ni/dolomite.

Cassava rhizome total feed (g) 1800.00  g/min 32
Char total solid (g) 321.00 Catalyst 300g
Tar total liquid (g) 69.00 Heat Recovery Unit
Gas flow in (m’/hr) 1.62
Time co Co, CH, H, C.H,, LHV (MJ/m’)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 3.79 1.51 0.45 2.00 0.14 0.86

2 5.62 7.99 1.52 3.77 0.00 1.66

3 8.75 10.19 1.59 5.46 0.00 2.26

a4 9.93 11.14 1.89 6.17 0.00 2.60

5 10.18 12.43 2.00 4.97 0.01 2.54

6 10.38 12.73 2.25 5.03 0.02 2.66

7 11.22 12.98 2.70 5.33 0.02 2.96

8 12.03 12.56 3.19 5.28 0.10 3.23

9 11.76 12.63 3.07 6.30 0.09 3.26

10 11.14 12.43 2.75 7.53 0.08 3.20

11 10.43 12.16 2.49 5.69 0.07 2.82

12 10.37 13.06 2.58 8.02 0.08 3.10
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Table A.9 The gas composition from peanut shell gasification with 5%Ni/dolomite

(cont.).

Time co o, CH, H, C.H,, LHV (MJ/m’)
13 10.35 13.28 2.78 8.46 0.00 3.21
14 10.27 12.25 2.16 8.27 0.14 2.96
15 11.13 10.84 1.51 8.14 0.00 2.83
16 11.18 10.27 1.27 8.14 0.00 2.75
17 10.26 10.78 1.97 7.93 0.00 2.86
18 10.77 11.25 2.47 8.02 0.01 3.11
19 10.77 11.25 2.47 8.02 0.02 3.11
20 13.01 12.01 4.06 9.30 0.02 4.10
21 12.47 10.93 2.88 9.43 0.10 3.62
22 12.38 9.97 2.00 9.39 0.09 3.29
23 12.56 9.22 1.50 9.37 0.08 3.14
24 12.90 8.86 1.41 9.39 0.07 3.15
25 12.59 8.87 1.26 9.41 0.08 3.06
26 12.42 9.19 1.35 9.51 0.05 3.08
27 12.64 9.54 1.81 9.61 0.04 3.28
28 13.25 9.63 2.23 10.10 0.00 3.56
29 13.07 9.45 2.10 10.00 0.02 3.48
30 13.49 9.52 2.84 10.20 0.02 3.82
31 13.49 9.52 2.84 10.20 0.05 3.68
32 1231 11.31 3.36 8.60 0.05 3.21
33 11.77 10.23 2.18 8.73 0.15 2.88
34 11.68 9.27 1.30 8.69 0.11 2.72
35 11.86 8.52 0.80 8.67 0.05 2.73
36 12.20 8.16 0.71 8.69 0.02 2.64
37 11.89 8.17 0.56 8.71 0.00 2.67
38 11.72 8.49 0.65 8.81 0.00 2.87
39 11.94 8.84 1.11 8.91 0.00 3.15
40 12.55 8.93 1.53 9.40 0.00 3.07

Average 11.78 10.70 2.19 8.76 0.05 3.23
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Table A.10 The gas composition from cassava rhizome (10-15mm) gasification with

5%Ni/dolomite.
Cassava rhizome total feed (¢) 2000.00  ¢/min 40
Char total solid (g) 240.00 300g
Tar total liquid (¢) 30.00 Heat Recovery Unit
Gas flow in (m’/hr) 1.98
Time CO Co, CH, H, C.H., LHV (MJ/m’)
0 0.00 0.00 0.00 0.00 0.00 0.00
1 8.79 7.89 1.95 1.93 0.00 0.00
2 14.49 14.67 1.14 5.42 0.15 2.02
3 15.01 15.56 1.52 6.56 0.10 2.82
a4 15.06 15.76 1.03 8.07 0.13 3.15
5 14.81 15.61 1.04 9.07 0.10 3.14
6 14.41 15.21 1.03 12.95 0.12 3.22
7 13.99 14.74 1.3 13.56 0.16 3.59
8 13.78 14.52 1.12 15.98 0.14 3.70
9 14.48 12.36 {5 15.47 0.10 3.87
10 14.96 12.56 1.14 15.84 0.10 3.91
11 14.86 12.45 1.1 15.68 0.10 4.01
12 14.46 12.65 1.17 15.98 0.10 3.96
13 15.75 12.58 1.84 15.64 0.10 3.97
14 15.49 13.24 1.36 15.36 0.10 4.34
15 15.99 13.25 1.31 15.46 0.10 4.10
16 15.25 13.26 1.35 15.68 0.10 4.16
17 15.56 13.42 1.47 15.98 0.10 4.10
18 15.42 12.56 1.85 15.64 0.10 4.22
19 15.26 12.54 1.23 15.46 0.10 4.30
20 16.48 12.89 1.36 15.86 0.10 4.04
21 16.68 12.87 1.96 15.95 0.10 4.28
22 16.34 12.36 1.52 15.68 0.12 4.53
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Table A.10 The gas composition from cassava rhizome (10-15mm) gasification with

5%Ni/dolomite (cont.).

Time co o, CHq H, C.H.. LHV (MJ/m’)
23 1649 1245 1.95 15.46 0.15 4.45
24 1679 12.86 1.26 15.26 0.15 4.22
25 176 12,02 1.26 13.6 0.15 4.14
26 1391 14.71 0.14 8.17 0.10 2.69
27 1351 1431 0.13 12.05 0.10 3.06
28 13.09  13.84 0.4 12.66 0.10 3.16
29 1288 1362 022 15.08 0.10 3.34
30 1358 1146 025 14.57 0.10 3,38
31 1406 1166 0.4 14.94 0.10 3.48
32 1396  11.55 0.2 14.78 0.10 3.43
33 1356 1175 027 15.08 0.10 3.44
34 1485 1168 094 14.74 0.10 3.80
35 1459 1234 046 14.46 0.10 3,57
36 1509 1235 041 14.56 0.10 3.63
37 1435 1236 045 14.78 0.10 3,57
38 14.66 1252 057 15.08 0.10 3.69
39 1452 1166 095 14.74 0.10 3,77
40 1436 1164 1 033 14.56 0.10 3.51

Average 1511  12.95 1.34 15.68 0.10 4.08
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Table A.11 The gas composition from peanut shell gasification

Gas composition (%) Non-Heat Recovery

Air flow (m3/hr) 1.62 1.98 2.34 3.05 3.54
H, 10.26  11.98 10.76 11.32 10.56
CcO 1117 1592 11.34 12.92 11.95
CO, 1222 1542 12.42 12.07 11.90
CHq4 3.55 2.60 2.45 2.40 2.36
GHy 0.06 0.07 0.03 0.03 0.02
LHV (I\/U/m3) 3.79 4.23 3.47 3.71 3.49

Heat Recovery

H, 10.26  11.98 10.76 11.32 10.56
co LA ()15.92 11.34 12.92 11.95
CO, 1222 15.42 12.42 12.07 11.90
CHq 3.55 2.60 2.45 2.40 2.36
GHy 0.06 0.07 0.03 0.03 0.02

LHV (I\/U/mB) 3.79 4.23 3.47 3.72 3.49




141

Table A.12 The gas composition from cassava rhizome (5-10mm) gasification

Sizes

Gas composition (%) Heat Recovery

Air flow (m’/hr) 198 234 250  3.05
H, 1477  17.23 18.82  14.49
co 1566  13.27 966  11.92
o, 204 324 281  2.70

1-5 mm
CHq 1441 1038 1011 10.97
CH, 011 0.16 014 013
LHV (MJ/m’) 455 457 452  4.05
H, 1482  13.69 1639  17.82
co 1562  15.62 1302 11.80
o, 307 284 318 3.19
5-10 mm
CHq 1531 12.79 11.08 1111
CH, 011 011 0.16  0.14
LHV (MJ/m’) 471 418 450  4.70
H, 1350 1507 1568 1691
co 1481  12.50 1235 11.70
o, 289 276 280 301
10-15 mm

CH, 937  11.14 1067 1091
CH, 013 012 013 0.3

LHV (MJ/m’) 400  4.19 418 441




Table A.13 Ultimate analysis of char from gasification of peanut shell

Air flow rate (m3/hr)

unit (%wt.) 1.98 2.34 250 3.06

C 12.83 7.7 4.88 3.7

H 0.53 0.33 0.15 0.12

Heat N 0.25 0.21 0.1 0.07
Recovery S 0.12 0.13 0.11 0.21
® 15.04 15.36 14.61 11.49

Other* 71.23 76.27 80.15 84.41

C 18.65 15.91 3.66 3.58

H 0.71 0.65 0.13 0.13

Non-Heat N 0.39 0.32 0.06 0.07
Recovery S 0.21 0.22 0.18 0.19
® 15.3 16.05 9.27 10.59

Other* 64.74 66.85 86.7 85.44
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Table A.14 Ultimate analysis of char from cassava rhizome gasification.

Particle size Air flow rate (m/hr)
(mm) (%owt.) 1.98 2.34 .250 3.06
C 7.85 11.77 12.77 6.92
H 0.29 0.53 0.24 0.04
N 0.12 0.24 0.04 0.56
- S 0.03 0.04 0.01 0.04
O 0.36 0.56 0.42 0.35
Other* 92.96 89.61 88.33 93.89
C 6.46 9.34 9.42 4.78
H 0.26 0.45 0.37 0.20
N 0.11 0.15 0.18 0.09
5-10
S 0.01 0.07 0.07 0.01
O 0.4 0.48 0.49 0.27
Other* 94.32 91.80 91.69 95.79
C 6.76 5.86 5.73 5.52
H 0.27 0.18 0.21 0.19
N 0.15 0.12 0.10 0.09
10-15
S 0.00 0.01 0.02 0.00
O 0.30 0} Byl 0.30 0.02
Other* 93.65 9477 94.90 94.78

*Other (mainly inorganics) by difference
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Table A.15 The chemical compounds identified by GC-MS analysis in tar (peanut shell

gasification).
Compound Area (%) Formula
Phenol 1.68 C¢HsO
Azulene 1.47 Cio Hs
Phenol, 4-methyl- 5.89 C;Hg O
2-Methoxy-4-methylphenol 1.15 Cg Hip O,
Phenol, 2,4-dimethyl- 3.4 CgHip O
Phenol, 4-ethyl- 1.4 CgHio O
Phenol, 3,5-dimethyl- 1.41 CgHio O
Naphthalene, 2-methyl- 2.3 Cy1 Hyo
Phenol, 4-ethyl-2-methoxy- 1.98 CoH150,
2-Methoxy-4-vinylphenol 1.67 CoH 100,
Phenol, 2,6-dimethoxy- 4.3 Cg Hip O3
Biphenylene 4 CioHsg
Phenol, 2-methoxy-4-(1-propenyl)- 5.74 CioH120,
1,2,4-Trimethoxybenzene 1.89 CoH 1,04
Dibenzofuran 0.94 Ci, Hg O
1-Hexadecene 1.36 Ci6 Hzo
5-tert-Butylpyrogallol 2.14 CioH1404
9H-Fluorene 1.8 Cy3 Hyp
Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- 3.34 Co Hio O
1,2-Benzenedicarboxylic acid, diethyl ester 1.63 Cip Hia Oq
Phenol, 2-methoxy-4-propyl- 2.02 CioH1405
1-Heptadecene 7.29 Cy7Hszq
Phenol, 2,6-dimethoxy-4-(2-propenyl)- 4.21 Cyy Hig Os
1,6-Anhydro-.beta.-D-glucopyranose
(levoglucosan) 5.03 CeH1gOs
Propennitrile, 2-(benzoxazol-2-yl)-3-hydroxy- 1.03 CioHgN,O,
Anthracene 4.88 Cia Hyo

Decanoic acid, methyl ester 1.03 Ci1 Hyy Oy
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Table A.15 The chemical compounds identified by GC-MS analysis in tar (peanut shell

gasification).

Compound Area (%) Formula

Ethanone, 1-(4-hydroxy-3,5-

dimethoxyphenyl)- 1.85 Cio H1204
2-Bromo dodecane 1.08 CyoHysBr
1-Nonadecene 4 Cio Hsg
9-Octadecenoic acid (Z)-, methyl ester 1.4 Cy9 Hz O,
2-Bromo dodecane 1.65 CqoHo5Br
Eicosane 0.98 Cyo Hay
Oxacycloheptadec-8-en-2-one 1.52 Ci6H250,
1-Hexadecanesulfonyl chloride 2.07 CygH33ClLO,S
Pyrene 2.43 Cig Hio
Tributyl acetylcitrate 2.12 CyoH3405
1-Nonadecene 6.16 Cyo Hsg

Table A.16 The chemical compounds identified by GC-MS analysis in tar (cassava

rhizome gasification).

Compound Area (%) Formula
Phenol 1.98 CeHsO

Azulene 1.77 Cio Hs

Phenol, 4-methyl- 6.19 G, Hg O
2-Methoxy-4-methylphenol 1.45 Cg Hig Oy
Phenol, 2,4-dimethyl- 3.7 CgHip O
Phenol, 4-ethyl- 1.7 CgHip O
Phenol, 3,5-dimethyl- 1.71 CgHio O
Naphthalene, 2-methyl- 2.6 Cy1 Hyp

Phenol, 4-ethyl-2-methoxy- 2.28 CoH1,0,
2-Methoxy-4-vinylphenol 1.97 CoH 100,

Phenol, 2,6-dimethoxy- 4.6 Cg Hig O3
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Table A.16 The chemical compounds identified by GC-MS analysis in tar (cassava

rhizome gasification) (cont.).

Compound Area (%) Formula
Biphenylene 4.3 CyoHg
Phenol, 2-methoxy-4-(1-propenyl)- 6.04 CioH120,
1,2,4-Trimethoxybenzene 2.19 CoH1505
Dibenzofuran 1.24 Cy, Hg O
1-Hexadecene 1.66 Ci6 Hsp
5-tert-Butylpyrogallol 2.44 CioH1405
9H-Fluorene 2.1 Cy3 Hyp
Ethanone, 1-(4-hydroxy-3- 3.64

methoxyphenyl)- Cy Hio Os
1,2-Benzenedicarboxylic acid, diethyl 1.93

ester Cip Hig Oy
Phenol, 2-methoxy-4-propyl- 2.32 CioH1405
1-Heptadecene 7.59 Cy7Hszq
Phenol, 2,6-dimethoxy-4-(2- 4.51

propenyl)- Ci1 Hia O5
1,6-Anhydro-.beta.-D-glucopyranose 533

(levoglucosan) CeH100s
Propennitrile, 2-(benzoxazol-2-yl)-3- DBB

hydroxy- CioHgN,O5
Anthracene 5.18 Cia Hyo
Decanoic acid, methyl ester 1.33 Ci1 Hyy Oy
Ethanone, 1-(4-hydroxy-3,5- 2.15

dimethoxyphenyl)- Cio H120q
2-Bromo dodecane 1.38 CqoHo5Br
1-Nonadecene 4.3 Cig Hag
9-Octadecenoic acid (Z)-, methyl 1.7

ester Ci9 Hzs Oy

2-Bromo dodecane 1.95 CqoH55Br
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Table A.16 The chemical compounds identified by GC-MS analysis in tar (cassava

rhizome gasification) (cont.).

Compound Area (%) Formula
2-Bromo dodecane 1.95 CqoH25Br
Eicosane 1.28 Cyo Hay
Oxacycloheptadec-8-en-2-one 1.82 Ci6H2505
1-Hexadecanesulfonyl chloride 2.37 Ci6H33ClLO,S
Pyrene 2.73 Cis Hip
Tributyl acetylcitrate 2.42 C20H340s
1-Nonadecene 6.46 Cig Hag

Table A.17 The gas composition and the efficiency of gasifier-cogeneration system

from peanut shell gasification.

Gas composition (%) 1 2 3 Average  SD
H, 8.20 11.84 11.74 10.59 2.07
CcO 14.51 14.25 14.05 14.27 0.23
Co, 8.27 13.21 13.43 11.64 2.92
CHq 3.00 2.22 291 2.71 0.43
CHy 0.13 0.11 0.15 0.13 0.02
LHV (!\/U/m3) 3.79 3.89 4.08 3.92 0.15
Cold gas efficiency (%) 53.66 54.76 57.73 55.38 2.11

The efficiency of generation (%)  11.03  10.61 10.49 10.71 0.28

The efficiency of gasifier-
11.84 11.62 12.11 11.86 0.25
cogeneration system (%)




Table A.18 The gas composition and the efficiency of gasifier-cogeneration system

from cassava rhizome (10-15mm) gasification.

Gas composition (%) 1 2 3 Average  SD
H, 10.92 11.21 11.24 11.12 0.18
co 15.37 15.97 13.49 14.94 1.29
CO, 10.12 12.93 12.77 11.94 1.58
CHq4 2.98 3.23 2.83 3.01 0.20
GHy 0.18 0.15 0.15 0.16 0.02
LHV (!\/U/m3) 4.19 4.37 3.93 4.16 0.22
Cold gas efficiency (%) 5492 5390 50.61 5314 2.25

The efficiency of generation (%)  11.29 1042  10.77  10.83 0.44

The efficiency of gasifier-
12.40 11.23 10.90 11.51 0.79
cogeneration system (%)




APPENDIX B

Calculation
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Equivalent Ratio, ER
ER is the ratio of actual mole of oxygen to the stoichiometric mole of oxygen

for particular oxidation process.

Actual mole of Oxygen

ER =
Stoichiometric mole of Oxygen

Carbon and Hydrogen Conversion

Carbon conversion is the percentage of carbon mole in raw material convert to
the carbon mole of gaseous products. The carbon conversion can calculate in many
terms such as carbon conversion to carbon-monoxide, carbon conversion to carbon-

dioxide.

carbon mole of gaseous products

Carbon conversion =
carbon mole in raw material

Hydrogen conversion is the percentage in hydrogen mole of raw material
convert to the hydrogen mole of gaseous products. The hydrogen conversion can
calculate in many terms such as hydrogen conversion to hydrogen gas, hydrogen

conversion to methane.

hydrogen mole of gaseous products

Hydrogen conversion =
hydrogen mole in raw material
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Portable GAS3100P Syngas Analyser

Syngas production methods include steam reforming of natural gas or liquid
hydrocarbons to produce hydrogen, the gasification of coal and biomass or Plasma
gasification process (produces rich syngas including H, and CO)

- Coal chemical process

- Steel making process as

- Blast furnace top gas

- Converter

- Coking

-Direct iron ore smelting reduction processes

-Coal or Biomass gasification

- Others
Standard measuring ranges

GAS 3100 Syngas

CO: 0-100%

CO,: 0-50%

CHy: 0-10%

CaHim: 0-10%

H,: 0-50%

Detector CO, CO,, CHy, CH,, : proprietary dual beam NDIR detectors
O, : industrial electrochemical cell
H, : proprietary thermal conductivity detector
Other ranges customizable on request without price increase

Resolution 0.01%

Accuracy <} 2% FS

Repeatability < 2%

Zero Auto-zeroing function via keyboard interface

Flow 0.7 to 1.2L/min, internal gas sampling pump

Inlet pressure 2 to 50 kPa

Gas conditions No dust, no water vapour, no tar
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Operating conditions Tamb : 0-50°C / Pamb : 86 to 108 kPa / RH : 0-95% non-

condensing

Response time (T90) < 15 sec

Warm-up time 15 min

Communication RS232 (real time and memory data download software
included)

Power supply External 220 VAC-50Hz

Data logging Up to 1500 sets of 7 data

Possibility to identify 10 different sites and up to 100 measuring points
Logging rate from 1 to 99 sec

Display LCD 320 x 240 displays with back-lit function

No effect of CH; on C H,, detector
No effect of CO, CO,, CH,4, C H,, on H, detector

No effect of gas flow variation on H, detector
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Modeling Coal Drying and Coal Combustion

1. Flowsheet

GASES2 I

SEPARATE

DRYREACT

COOLER

2. To start Aspen Plus

2.1 Open Aspen Plus V8.8 @

2.2 Select the Solids with English Units template. (To Specify the Application

Type and Run Type for the New Run)

Wl - o X
Blank and Recent Solids Preview
My Templates... -
; 3
Installed Templates L] o]}
Solids with Solids with

Al Separstion English Units  Metric Units
Chemical Processes
Electrolytes

Gas Processing
Metallurgy
Pharmaceutical
Polymers

Refinery

‘Solids "

User

Create ][ Cancel

2.3 Click Create to apply this option
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3. Drawing the Graphical Simulation Flowsheet

The simulation flowsheet shown in the following figure feeds the WETCOAL
stream to an RStoic model In the RStoic block (DRYREACT), a portion of the coal
reacts to form water. Because the RStoic model has a single outlet stream
(DRYCOAL).

Use the RGibbs model to simulate combustion of the dry coal. RGibbs
models chemical equilibrium by minimizing Gibbs free energy. However, the Gibbs
free energy of coal cannot be calculated because it is a nonconventional
component. Before feeding the dried coal to the RGibbs block, BURN, decompose
the coal into its constituent elements. This is done in the RYield block, DECOMP. The
heat of reaction associated with the decomposition of coal must be considered in
the coal combustion. Use a heat stream to carry this heat of reaction from the Rstoic
to RYield block and from the RYield block to the RGibbs block. Then, the product
from BURN block move to the Requil block, REQUL to react the reaction of
gasification. The liquid and Gas products was separate in this block. The gas product

move to the cooler system. Finally, separate the combustion gases from the ash

using the Aspen Plus model SSplit, SEPARATE, for this separation.

REOUL GASES2

SEPARATE

e}

DRYREACT | BURN

WETCOAL [ Meon
B

>

[ PrODUCT ]
GASES1 |

>
COOLER
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4. Specifying Unit set
4.1 In the Data Browser window. The Setup | Specifications | Unit Sets Use this
sheet to review unit sets that were set in my simulation. Set the unit as the

following figure.

e e ¢ UnitSets-POR ~ |+
All ltems Y | @ Standard IHeat I Transport | Concentration | Size l Currency | Miscellaneous I & Information
4 |3 Setup l
[@] Specifications Copy from
[@] Calculation Options -Temperature related -
4 5% Unit Sets Temperature (&
@ Delta T
[@]ENG Flow related - 7| | Inverse temperature
@] MET Mass flow kg/hr ‘
@ METCBAR Mole flow rick ( Pressure related -
E MELKIO Volume flo um/hr ‘ LT G
V w  cum/h
(@] METSOLID | | | Delta P bar
@POR Flow kg/hr
@]sA | Flux it nip e Delta P / Height N/cum
| 17k
ESI Mass flux kg/sqm-s Hed kg
ESI-CBAR Inverse pressure  sqm/N
[@] Report Options

5. Specifying Components

The Components | Specifications | Selection sheet is used to enter the
components present in the simulation. The components in this simulation are CO,
CO,, Hy, Ny, Oy, H,0, C, CH,.COAL and ASH

5.1 Add the components listed below:

Component ID Type Component Name

co Conventional CARBON-MONOXIDE
CO, Conventional CARBON-DIOXIDE
H, Conventional HYDROGEN
N, Conventional NITROGEN
0O, Conventional OXYGEN

H,O Conventional WATER

CH4 Conventional METHANE

COAL Nonconventional

ASH Nonconventional

C Solid CARBON-GRAPHITE




~ Components - Specifications - | +

@ Selection |Petro|eum | @ Nonconventional | Enterprise Database | Information
Select components
Component ID Type Component name
» CO Conventional CARBON-MONOXIDE
co2 Conventional CARBON-DIOXIDE
H2 Conventional HYDROGEN
N2 Conventional NITROGEN
02 Conventional OXYGEN
H20 Conventional WATER
COAL Nonconventional
ASH Nonconventional
C Solid CARBON-GRAPHITE
CH4 Conventional METHANE
Find J [ Elec Wizard ] [ User Defined I [ Reorder J [ Review

6. Specifying Methods

co
co2
H2
N2
02

H20

CH4

Alias
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The Properties | Methods | Specifications | Global sheet is used to select the

types.

thermodynamic methods used to calculate properties such as K-values, enthalpy,

and density. Property methods in Aspen Plus are categorized into various process

Because the physical property methods for solid components are the same

components in the simulation.

6.1 In the Base method field, click ~ and select PENG-ROB.

_ Methods - Specifications - | +

-Property methods & options
Method filter
Base method

Henry components

-Petroleum calculation options

Water solubility 3

COMMON
PENG-ROB

Free-water method STEAM-TA

IQGIobal IFlowsheetSections IReferenced Information

- Electrolyte calculation options
Chemistry ID

@ Use true components

Method name
PENG-ROB > Methods Assistant...
-] Modify
EOS ESPRSTD
Data set 1 c
Liquid gamma
Data set =

Liquid molar enthalpy HLMX106
Liquid molar volume | VLMX20
_| Heat of mixing

| Poynting correction

Use liquid reference state enthalpy

for all property methods, select a property method based on the conventional
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7. Specifying Methods for Calculating COAL Properties
The Properties | Methods | NC Props | Property Methods sheet is used to

specify the models used to calculate the nonconventional solid properties.

Because nonconventional components are heterogeneous solids that do not
participate in chemical or phase equilibrium, the only physical properties that are
calculated for nonconventional components are enthalpy and density.

In this simulation, use the HCOALGEN and the DCOALIGT models to calculate
the enthalpy and density of coal and ash.

7.1 In the Model name field for Enthalpy, click and select HCOALGEN.

The component attributes PROXANAL, ULTANAL, and SULFANAL are
automatically included in the Required component attributes for the selected
models field for coal when you select HCOALGEN. Also, four Option code value
fields with values of 1 appear change it to code 6 1 1 1.

Aspen Plus uses component attributes to represent nonconventional
components in terms of a set of identifiable constituents needed to calculate
physical properties. HCOALGEN uses the proximate analysis, ultimate analysis, and
sulfur analysis to calculate the enthalpy of coal.

The Option code value fields define how the HCOALGEN model calculates
the heat of combustion, the standard heat of formation, the heat capacity, and the

enthalpy basis for coal.
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7.2 In the Model name field for Density, click and select DCOALIGT.

Methods - NC Props -~ | +
[@PropertyMethods Information ‘

‘ Component @ COAL v

Property models for nonconventional components -

Model name Option codes
Enthalpy HCOALGEN > 6 1 1 1
Density DCOALIGT of

Required component attributes
PROXANAL ULTANAL SULFANAL

8. Specifying Methods for Calculating Ash Properties

You must also specify how Aspen Plus calculates the enthalpy and density of

ASH.
8.1 In the Component field, click & and select ASH.

8.2 In the Model name field for Enthalpy, click & and select HCOALGEN. The

Option code value defaults of 1, 1, 1, and 1 are acceptable for ASH.

8.3 In the Model name field for Density, click [ and select DCOALIGT.

| |@PropertyMethods Ilnformation |

Component @ASH -

Property models for nonconventional components -

Model name Option codes
Enthalpy HCOALGEN -1 1 1 1
Density DCOALIGT -

Required component attributes

‘ PROXANAL ULTANAL SULFANAL

9. Specifying the Heat of Combustion for Coal

We just specified that Aspen Plus will use a user-specified value for the heat
of combustion of coal. Now you must specify that value.
9.1 From the Data Browser, select the Properties | Methods | Parameters | Pure
Component folder. Click New. The New Pure Component Parameters dialog
box appears. The heat of combustion for coal is a Nonconventional type.

9.2 Select the Nonconventional option.
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9.3 Delete the default name NC-1 and enter HEAT as the new name in the Enter
new name or accept default field.
9.4 Click OK. The Properties | Methods | Parameters | Pure Component | HEAT |

Input sheet appears.

9.5 In the Parameter field, click [ and select HCOMB.
Note that the prompt indicates that HCOMB is the heat of combustion on a
dry basis. Use the following equation to convert the heat of combustion on a

wet basis to a dry basis:

100
HCOMB=Heat of Combustion (wet) X ——————
100-%Moisture

9.6 In the first line under the Nonconventional component parameter column,

click & and select COAL.
9.7 In the parameter value field directly below COAL, enter the heat of
combustion on a dry basis: 14.47 KJ/ke.

10. Defining the Stream class

10.1 Click (right click) at the stream line in Main flowsheet.

10.2 Select Change stream class, the window of Stream Class will appear.

@ Stream Class X
Stream Class: { MCINCPSD v |
CK | | Cancel |

10.3 Click to select Stream Class MCINCPSD
10.4 Click OK

10.5 Change all stream line to the MCINCPSD Stream Class

11. Entering Stream Data
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The Simulation | Streams | AIR | Input sheet is used to specify a stream, Aspen

Plus requires two thermodynamic specifications, and enough information to calculate

the flow rate of each component.

11.1 Specifying the AIR Stream as follow data:

_ Main Flowsheet - AIR (MATERIAL) - Input -

[+

A | Specifications

leMixed | @cisolid | @NCSolid | Flash Options | EO Options | Costing | Information

Flash Type Temperature ~ Pressure ~ Composition
Mole-Fi v
- State variables bl
Temperature 30 C v. Component Value
Pressure 1.01353 bar v 2
Vapor fraction oz
Total flow basis Volume X -
H2
Total flow rate 51 I/min v
N2 0.79
Solvent
02 0.21
-Reference Temperature H20
Volume flow reference temperature P
= = CH4
Component concentration reference temperature
c Total 1

Specifying the WETCOAL Stream as follow data:

_ Main Flowsheet - WETCOAL (MATERIAL) - | +

| @Mixed | @cisolid | @NC Solid |Flash Options

~ | Specifications

| EO Options I Costing | Information

Edit PSD Mesh : 1

11.2 Change the attribute ID to ULTANAL

11.3 Change the attribute ID to SULFANAL

12. Specifying the RStoic Block (DRYREACT)

State variables - -Composition -
Substream name & NCPSD v Mass-Frac ¥
Temperature 30 C ¥ Component Value
Pressure 1.01353 bar 3 COAL 1
Total flow basis Mass > A
Total flow rate 3.6 kg/hr v Total 1
~ 1 & Component Attribute
Component ID & COAL v
Attribute ID & PROXANAL v
Element Value
MOISTURE 11.41
FC 17.34
VM 65.65
ASH 5.96
~ | & Particle Size Distribution
PSD mesh ID PSD v Units mm Interval Lower limit

1

Upper limit  Weight fraction  Cumulative

weight fraction
1
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In the Simulation | Blocks | DRYREACT | Setup | Specifications sheet
12.1 In the Pressure field, enter 1.01353 bar.
12.2 In the second operating conditions field, Flash Type, click and select
Pressure duty.

12.3 In the duty field, enter 0 Watt.

Main Flowsheet -~ DRYREACT (RStoic) « | + 2

[ @ Specifications | @Reactions | Combustion l Heat of Reaction | Selectivity I PSD | @ Component Attr. I Utility |Tr ol g

Operating conditions -

Flash Type Pressure ~ Duty >
Temperature 0 C
Pressure 1.01353 bar Y
Duty 0 Watt v
Vapor fraction
-Valid phases
Vapor-Liquid b4

This RStoic block models the drying of coal. Although coal drying is
not normally considered a chemical reaction, you are using an RStoic block to
convert a portion of the coal to form water. The following equation is the
chemical reaction for coal drying:

COAL (wet) — 0.0555084 H,0

Aspen Plus treats all nonconventional components as if they have a
molecular weight of 1.0. The reaction indicates that 1 mole (or 1 lb.) of coal
reacts to form 0.0555084 mole (or 1 lb.) of water.

12.4 To Enter the Reaction Stoichiometry

1) In Reaction Tab, Click New, The Edit Stoichiometry dialog box appears.
A reaction number of 1 is automatically chosen.

2) In the Reactants Component field, click and select COAL.

3) In the Reactants Coefficient field, enter 1.

Note that the stoichiometric coefficient for reactants is displayed as

negative.

4) In the Products Component field, click and select H20.
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5) In the Products Coefficient field, enter .0555084.
The conversion for this reaction must be set to achieve the proper
amount of drying.

6) In the Products generation section, select the Fractional conversion
option.

7) In the Fractional conversion field, enter 0.2 and in the of component
field, click and select COAL.
The fraction conversion of Coal of 0.2 is a temporary value that you

will override later with a Calculator block.

]
Reaction No. @1 ¥
Reactants Products
Component Coefficient Component Coefficient
COAL -1 H20 0.0555084

Products generation
_) Molar extent mol/min

Q) Fractional conversion 0.2 of component COAL v

] 'b ‘ | Close

13. Specifying the Moisture Content of COAL

Drying the coal changes its component attribute for moisture in the Proximate
Analysis. Since the other elements of PROXANAL, ULTANAL, and SULFANAL are on a
dry basis, drying the coal does not change these attributes.

1) Click the Blocks | DRYREACT | Setup | Component Attr. Component Attr. Tab
sheet. This sheet, enter the values for component attributes that change in
this RStoic block. If you do not enter an attribute value, the attribute does
not change.

2) In the Substream field, click and select NCPSD.
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3) In the Component ID field, click and select COAL.
4) In the Attribute ID field, click and select PROXANAL.
5) In the Moisture field, enter a value of 1.0. (The moisture content of 1.0 is a

temporary value that you will override later with a Fortran block.)

‘ @ Specifications | @ Reactions | Combustion | Heat of Reaction | Selectivity | PSD | @ Component Attr. I_U_’fmty_ll_r .

Substream ID @ NCPSD v
-Component attributes -
Component ID & COAL v Element Value

Attribute ID @& PROXANAL - MOISTURE 1
VM
ASH

14. Using a Calculator Block to Control Drying
The material balance equations for this process define relations between the
following quantities:
« Water content of the feed coal.
« Fractional conversion of coal to water.
« Water content of the dried coal.
CONV = (H20IN - H20DRY) / (100 - H20DRY)
Where: H20IN = Percent moisture in the coal in stream WET-COAL
H20ODRY = Percent moisture in the coal in stream IN-DRIER
CONV = Fractional conversion of coal to H O 2 in the block DRY-REAC
Use this equation in a Calculator block to ensure these three specifications are
consistent.
The Calculator block specifies the moisture content of the dried coal and
calculates the corresponding conversion of coal to water.
Using a Calculator block to set specifications allows you to run different cases easily.
1) From the Data menu, select Flowsheeting Options | Calculator.
2) Click New to create a new Calculator block. Fill WATER to define this

calculation in The Enter ID block ans click OK. The Flowsheeting Options |
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Calculator | WATER | Input | Define sheet appears. Use this sheet to access

the flow sheet variables you want to use in the Calculator block. Define the

three Calculator variables from the equation: H20IN, H2ODRY, and CONV.

H2OIN is the water content of the feed coal. The H20IN variable accesses the

first element (percent moisture) of the component attribute PROXANAL for

component COAL in the NCPSD substream of stream WETCOAL.

14.1 Creating the H20IN Variable

1)

2)

Click New. The Create new Variable dialog box appears.

In the Variable name field, enter H2OIN and click OK.

The Variable Definition dialog box appears.

Under Category, select Streams.

In the Reference frame, in the Type field, click and select Compattr-Var
since the variable is a component attribute. When you are specifying
variables, Aspen Plus displays the other fields necessary to complete the
variable definition. In this case, the Stream field appears.

In the Stream field, click and select WETCOAL.

The Substream and Component fields appear. In this example, do not
modify the default choice of NCPSD in the Substream field.

In the Component field, click and select COAL.

The Attribute field appears.

In the Attribute field, click and select PROXANAL.

In the Element field, enter 1. Press Enter.

In the Information flow frames, Click Import Variable.



Main Flowsheet - WATER - | +

laoeﬁna | @calculate | @Sequence | Tears | Stream Flash | Information

~ ) Edit selected variable

[¥] Active
A Sampled variables (drag and drop variables from form to the grid below)
Variable Information flow Definition
H20IN Import variable Compattr-Var Stream=WETCOAL NCPSD C OAL Attrib PROXANAL Element=1
H20DRY Block-Var Block=DRYREACT Variable= COMPATT Sentence=COMP-ATTR ID1=NCPSD ID2=COAL ID3=PROXANAL Element=1
CONV Export variable Block-Var Block=DRYREACT Variable=CONV Sentence=CONV ID1=1

View Variables

Variable GH20IN - flow
 oieqay e | TVEe Compattr-Var - ® Import variable
Al Stream: WETCOAL - ) Export variable
©) Blocks Substream:  NCPSD = () Tear variable
@ Streams Component:  COAL i
) Model Utility Attribute: PROXANAL -
() Property Parameters Element: 1
) Reactions
~EO input
Open variable B
Description

14.2  Creating the Other Variables
1) H20DRY

~ ) Edit selected variable

Variable ¥:H20DRY v [ Reference

-Information flow

- Category Type Block-Var s ) Import variable
Al Block: DRYREACT = ) Export variable
@ Blocks Variable: COMPATT () Tear variable
() Streams Sentence: COMP-ATTR
©) Model Utility ID1: NCPSD -

) Property Parameters ID2: COAL -
) Reactions 1D3: PROXANAL -
Element: 1

-EO input
Open variable
Description

2) CONV
A | Edit selected variable
Variable &CONV v - Reference O rrriato o
~Category Type Block-Var = ©) Import variable
© Al Block: DRYREACT i Export variable
Variable: CONV () Tear variable

() Streams Sentence: CONV
©) Model Utility ID1: 1

) Property Parameters

() Reactions

~EQ input

Open variable

Description

166



167

14.3 Calculating the Conversion Variable

The Calculator | WATER | Input | Calculate sheet. Use this sheet to enter the
Fortran statements you want Aspen Plus to execute to set H20ODRY and to calculate
CONV from equation.

3) Enter the following Fortran statements:

H20DRY = 10.0

CONV = (H20IN - H20DRY) / (100 - H2ODRY)

_ Main Flowsheet - WATER ~ | +
‘ ‘ | @ Define | @ Calculate | @ Sequence |Tears l Stream Flash | Infoermation

Calculation method -

© Fortran Excel l Fortran Declarations |

- Enter executable Fortran statements -
H20DRY = 10.0
CONV = (H20IN - H20DRY) / (100 - H20DRY)

14.4 Specifying When the Calculator Block Should Run
The Calculator | WATER | Input | Sequence sheet. Use this sheet to specify

when Aspen Plus should execute this Calculator block. Since you have used inline
Fortran to modify the specifications for the RStoic block DRYREACT, this Calculator
block should execute immediately prior to DRYREACT.

4) In the Execute field, click and select Before.

5) In the Block type field, click and select Unit operation.

6) In the Block name field, click and select DRYREACT.

_ Main Flowsheet - WATER ~ |+ -

(I | @& Define | @ Calculate I @ Sequence |Tears IStream Flash | Information

(- Calculator block execution sequence -
Execute Block type Block name
Before ~ Unit operation ~ DRYREACT >

List variables as import or export -

Import variables H20IN

Export variables CONV

15. Specifying the RYield Reactor Model
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The Simulation | Blocks | DECOMP | Setup | Specifications sheet . RYield is
used to simulate a reactor with a known yield, and does not require reaction
stoichiometry and kinetics.

1) On the DECOMP | Setup | Specifications sheet, enter the pressure and

temperature: Pressure 1.01353 bar, Temperature 300 °C

Main Flowsheet DF.(EOMP(RYiéId) < |+

@ Specifications |(’)Yield | Flash Options | @PSD | @ Comp. Attr. | Comp. Mapping E

~Operating conditions —

Flash Type Temperature ~ Pressure -
Temperature 300 C N

Temperature change C

Pressure 1.01353 bar ¥

Dut;,' 0 Watt

Vapor fraction

-Valid phases
Vapor-Liquid 5

2) The Yield sheet appears.

For this simulation, the yield distribution you enter on this sheet is not
the true yield distribution. Use a Calculator block to calculate the actual yield
distribution from the component attributes for coal in the feed stream to the
RYield model (stream DRY-COAL).

3) Enter the component yields as follows:

Component Basis Yield
H,O Mass 0.2
ASH Mass 0.2

C (CIPSD) Mass 0.2
H, Mass 0.2
N, Mass 0.1

O, Mass 0.1
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_ Main Flowsheet ﬁc?ﬁﬁiﬁ&b—L

| ‘ @ Specifications | @VYield |Flash Options I @PSD | & Comp. Attr.

-Yield specification
Yield options  Component yields =
-Component yields
Component Basis Basis
Yield
H20 Mass 0.2
ASH Mass 0.2
c(arsp) Mass 0.2
H2 Mass 0.2
| N2 Mass 0.1
‘ 02 Mass 0.1
|
|

In addition to the MIXED substream products, this RYield block forms
carbon in the CIPSD substream and ash in the NCPSD substream. To fully
specify the vyield, specify the particle size distributions of the CIPSD and
NCPSD substream and the component attributes of the ash that is formed.

16. Specifying the Particle Size Distributions
1) Click the PSD tab

2) In the PSD calculation option, click Keep PSD.

_ Main Flowsheet - ' DECOMP (RYield) « |+

|QSpecifications I@Yield |Flash Options | @PSD | @ Comp. Attr.

~PSD calculation option
@ Keep PSD
() Constant number of particles

) User-specified PSD

17. Specifying the Component Attributes for Ash
3) Click the Comp. Attr. tab.

The attributes PROXANAL, ULTANAL, and SULFANAL are required for RYield to
calculate the enthalpy and density of ash.

4) In the Substream ID field, click [ and select NCPSD.

5) In the Component ID field, click [ and select ASH. ASH has the attributes

PROXANAL, ULTANAL, and SULFANAL.



6) In the Attribute ID field, click [ and select PROXANAL.

7) For the attribute PROXANAL, enter these values:

Element Value
Moisture 0
FC 0
VM 0
Ash 100

Main Flowsheet -~ DECOMP (RYield) ~ | +

'e

Substream ID & NCPSD

-Component attributes

| @Specifications | @Yield | Flash Options | @PSD |@comp.Attr. Comp. Ma

Component D @ASH
Attribute ID & PROXANAL

Element Value
MOISTURE
FC
Vi
ASH 100

8) In the Attribute ID field, click [ and select ULTANAL.

9) For the attribute ULTANAL, enter these values:

Element Value
Ash 100

Carbon 0
Hydrogen 0
Nitrogen 0
Chlorine 0
Sulfur 0
Oxygen 0

170
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Main Flowsheet - ' DECOMP (RYield) | +

l & Specifications I @ Yield | Flash Options | &PSD | & Comp. Attr. | Comp. Ma

Substream ID  @NCPSD v
-Component attributes
ComponentID @ASH v Element Value
Attribute ID @& ULTANAL v ASH 100
CARBON
HYDROGEN
NITROGEN
CHLORINE
SULFUR
OXYGEN

10) In the Attribute ID field, click ] and select SULFANAL.

11) For the attribute SULFANAL, enter these values:

Element Value
Pyritic 0
Sulfate 0

Organic 0

Main Flowsheet - ' DECOMP (RYield) « | +

| @Specifications | @VYield | Flash Options | @PSD | @ Comp. Attr. | Comp. M

Substream ID @ NCPSD v

~Compoenent attributes

ComponentID @ASH v Element Value
Attribute D @ SULFANAL v PYRITIC 0
SULFATE 0
ORGANIC 0

18. Using a Calculate Block to Control decomposition of COAL

You have completed enough specifications to run the simulation. However,
the yields you specified in the RYield block were only temporary placeholders. You
could directly enter the correct yields on the RYield | Setup | Yield sheet. However,

by defining a Calculator block to calculate the yields based on the component
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attributes of the feed coal, you will be easily able to run different cases (such as

different feed coals).

18.1 Create the Calculator Block

1) From the Aspen Plus menu bar, select Data | Flowsheeting Options |

Calculator. The Calculator object manager appears.

2) Click New to create a new Calculator block. The Create new ID dialog box

appears with an automatically generated ID, C-1.

3) In the Create new ID dialog box, enter COMBUST as the ID and click OK.

18.2 Creating the Calculator Variables

The Simulation | Flowsheeting Options | Calculator | COMBUST | Input | Define

sheet. Use this sheet to access the flowsheet variables you want to use in the

Fortran block. In this simulation, access the ultimate analysis of coal in stream DRY-

COAL as a component attribute vector. Also define variables to access the moisture

content of coal and the yield of each component in the DECOMP block.

4) Create and define the following two variables:

Variable Compon Eleme
Type Stream Substream Attribute
Name ent nt
Compattr-
ULT DRY-COAL NCPSD COAL ULTANAL
Vec
Compattr- PROXANA
WATER DRY-COAL NCPSD COAL 1
Var L
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5) Also define the following eight mass yield variables.

Variable Name ID1 D2
H,O H20 MIXED
ASH Type Block-Var ASH NCPSD
CARB Block DECOMP C CIPSD
H, Variable MASS- H2 MIXED
N, YIELD N2 MIXED
Cl, For all eight CL2 MIXED
SULF variables S MIXED
O, 02 MIXED

_ Main Flowsheet - | REOUL (REquil) -~ COMBUST - Input ~ | +

‘ 1 @Define | @ Calculate | @ Sequence I Tears | Stream Flash | Information [

[¥] Active
~ ) Sampled variables (drag and drop variables from form to the grid below)

Variable Information flow Definition
uLr Import variable Compattr-Vec Stream=DRYCOAL Substream=NCPSD Component=COAL Attribute= ULTANAL
WATER Import variable Compattr-Var Stream=DRYCOAL Substream=NCPSD Component=COAL Attribute=PROXANAL Element=1
H20 Export variable Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-VIELD ID1=H20 ID2=MIXED B
ASH Export variable Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-YIELD ID1=ASH ID2=NCPSD
CARB Export variable Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-YIELD ID1=C ID2=CIPSD
H2 Export variable Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-YIELD ID1=H2 ID2=MIXED

N2 Export variable Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-YIELD ID1=N2 ID2=MIXED

New.. | View Variables
6) Click the Calculate tab.

18.3 Specify the Calculations to be Performed
The Simulation | Flowsheeting Options | Calculator | COMBUST | Input |

Calculate sheet appears.

ULTANAL is defined as the ultimate analysis on a dry basis. The variable
WATER, defined as the percent H20 in the PROXANAL for coal, is used to convert the
ultimate analysis to a wet basis. The remaining eight variables (H20 through O2) are
defined as the individual component yields of various species in the RYield block.
ULT and WATER can then be used to calculate the yield of the individual species in

the RYield block.



174

7) Enter the following Fortran statements:
C FACT IS THE FACTOR TO CONVERT THE ULTIMATE ANALYSIS TO A WET BASIS.
FACT = (100 - WATER) / 100
H20 = WATER / 100
ASH = ULT(1) / 100 * FACT
CARB = ULT(2) / 100 * FACT
H2 = ULT(3)/ 100 * FACT
N2 = ULT(4)/ 100 * FACT
CL2 = ULT(5) / 100 * FACT
SULF = ULT(6) / 100 * FACT

02 = ULT(7)/ 100 * FACT

Main Flowsheet | REOUL (REquil) - COMBUST - Input » | +
I @& Define l & Calculate I@Sequence ITears |Stream Flash |Information l

:-Calculation method —

@ Fortran ) Excel | Fortran Declarations ]

-Enter executable Fortran statements
64 FACT IS THE FACTOR TO CONVERT THE ULTIMATE ANALYSIS TO A WE' -
FACT = (100-WATER) /100
H20 = WATER/100
ASH = ULT(1)/100*FACT
CARB = ULT(2) /100*FACT

H2 = ULT(3)/100*FACT
N2 = ULT(4) /100*FACT
02 = ULI(7)/100*FACT

8) Click the Sequence tab.

18.4  Specify When the Calculator Block Should be Run
The Simulation | Flowsheeting Options | Calculator | COMBUST | Input |

Sequence sheet appears. Since this Calculator block sets values in block DECOMP,

the Calculator block must execute before DECOMP.
9) In the Execute field, click [ and select Before.
10) In the Block type field, click [ and select Unit operation.

11) In the Block name field, click [ and select DECOMP.
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Main Flowsheet REQUL (REquil) COMBUST - Input ~ | +

‘ @ Define | @ Calculate | @ Sequence |Tears |Stream Flash IInformation

-Calculator block execution sequence -

Execute Block type Block name

Before ~ Unit operation ~ DECOMP -
- List variables as import or export

Import variables uLT WATER
Export variables H20 ASH CARB H2 N2 02

12) Close the Data Browser window.

19. Specifying the RGibbs Reactor Model

RGibbs is used to model reactions that come to chemical equilibrium. RGibbs
calculates chemical equilibrium and phase equilibrium by minimizing the Gibbs free
energy of the system. Therefore, you do not need to specify the reaction
stoichiometry

On the Simulation | Blocks | BURN | Setup | Specifications sheet, enter your
thermodynamic specifications. This reactor will be at atmospheric pressure.

1) In the Pressure field, enter 1.01353 bar and temperature 700 °C. The heat
duty for this reactor is specified by the heat stream Q-DECOMP.

2) In the Calculation options box, select Restrict chemical equilibrium.

3) Select the Products tab. The BURN | Setup | Products sheet. On this sheet,
enter the list of products that may exist at equilibrium.

By default, RGibbs assumes that all of the components that are listed on the

Components | Specifications | Selection sheet are potential products in the

vapor phase or the liquid phase. This default is not appropriate for this

simulation, since any carbon that remains after combustion would be solid.
4) Select Identify possible products. The Products list appears.
For this simulation, all components are potential MIXED substream products,

except for carbon, which is a solid product. Carbon must be assigned a phase
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of Pure Solid. This means that any carbon that forms will be present as a

pure, solid phase, not present as a solid solution or alloy.

5) In the products list, enter the component species and phases shown below:

(Be sure to change the Phase for C to Pure Solid.)

Component Phase Component Phase
H,O Mixed C Pure Solid
N, Mixed CcoO Mixed
O, Mixed Cco, Mixed
H, Mixed CH, Mixed

_ BURN (RGibbs) - Setup « | SEPARATE (SSplit) ~ | Main Flowsheet - |

‘ ‘QSpeciﬁcations @Products | Assign Streams Ilnerts ‘Re:tncte

‘ RGibbs considers all components as products
© |dentify possible products

Define phases in which products appear

Hydrate-check Rigorous -
Products
[ Component Valid phases
‘ H20 Mixed
‘ N2 Mixed
02 Mixed
H2 Mixed
PaC PureSolid b
‘ o Mixed
co2 Mixed
‘ CH4 Mixed

20. Specifying the REQUL for the REquil Block

1) Define the following data in the The simulation | Blocks | REQUL | Input |

Specifications
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~ Main Flowsheet -~ REOUL (REquil) ** | COMBUST - Input - | DECOMP (Rield) - | +

Flash Type

Pressure

Duty

Temperature

Vapor fraction

~Operating conditions

@ Specifications | @ Reactions I Convergence IEntrainment —I Utility ] PSD ] Information l

Temperature

580
1
0

~ Pressure -
C 4
bar v
Watt v

~Valid phases
Vapor-Liquid

2) Define the following data in the The simulation | Blocks | REQUL | Input |

Reaction
~ Main Flowsheet ~ * REOUL (REquil) * | COMBUST - Input ~ | DECOMP (RYield) « |+
|VOSpeciﬁcations | @ Reactions |Convergence IEntrainment IUtility IPSD Ilnformation ]
-Reactions
Rxn No.  Specification type Steichiometry
1 Temp. approach C #:02 =-»CO2
3 Temp. approach C +H20 --> H2+ CO
4 Temp. approach CO +H2 --» C+H20
5 Temp. approach CO2 +C -->.2C0O
6 Temp. approach 2C0. --> C+CO2
7 Temp. approach CO + H20 --> CO2+H2
8 Temp. approach CO02 + H2 --> CO+ H20
9 Temp. approach CO2 +4H2 --> CH4+ 2H20
10 Temp. approach CH4 --> C+2H2
> 2 Temp. approach CH4 + H20 --» CO+3H2
(Mewoss] | Edit | [ Delete | [ copy | [ Paste

21. Specifying the COOLER for the Heater Block

1) Define the following data in the The simulation | Blocks | COOLER | Input |

Specifications
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Main Flowsheet REOUL (REquil) COMBUST - Input DECOMP (RYield) COOLER (Heater) - |

@ Specifications | Flash Options lUtility Ilnformation

Flash specifications -

Flash Type Temperature =
Pressure *

Temperature 25 C Y

Temperature change C

Degrees of superheating C

Degrees of subcooling C

Pressure 1 bar Y

Duty Watt

Vapor fraction

Pressure drop correlation parameter
["] Always calculate pressure drop correlation parameter

- Valid phases
Vapor-Liquid od

22. Specifying the Splits for the SSplit Block

The simulation | Blocks | SEPARATE | Input | Specifications sheet. SSplit mixes
all of its feed streams, then splits the resulting mixture into two or more streams
according to substream specifications.

In this simulation, the SSplit block provides perfect separation between the
gaseous products of combustion (MIXED substream) and the solid products of
combustion (CIPSD and NCPSD substreams).

1) Enter the following split fraction values for the GASES2 outlet stream:

Substream Name Specification Value
MIXED Split fraction 1.0
CIPSD Split fraction 0.0

NCPSD Split fraction 0.0




Main Flowsheet - | REOUL (REquil) - 'SEPARATE (SSplit) - Input - | +

| [@Specifications Flash Options | Key Components llnformation ‘

~Specification for each substream

Stream names GASES2 -
Substream Name Specification Basis Value Units
‘ MIXED Split fraction 1
CIPSD Split fraction
‘ NCPSD Split fraction

2) Close the Data Browser window.

23. Running the Simulation

1) Click rn to run the simulation.

Key Comp No
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The Control Panel window appears, allowing you to monitor and interact with

the Aspen Plus simulation calculations. As Aspen Plus performs the analysis,

status messages display in the Control Panel. The simulation completes

without warnings or errors. When the calculations finish, the message Results

Available appears in the status area at the bottom right of the main window.

2) When the Simulation Run Completed message appears in the status bar,

close the Control Panel window.

3) Examine the results of your simulation.

24. Examining Simulation Results

From the Control Panel, click .The Results Summary | Run Status | Streams

sheet to View the Stream Results

Main Flowsheet - | WATER - ' Results Summary - Streams - | +

\[Maaena\ Heat | Load | Work | Vol.% Curves
|

Display Allstreams  ~ Format FULL ~ | streamTable | | Copyall |

W, % Curves | Petroleum | Polymers | Solids |

AR - cooL - DRYCOAL - GASES! - GASES2 - INBURNER - Laup ~  PRODUCT
Substream: MIXED
Mole Flow mol/min
co 0 0835419 0 0835419 0835419 0 0 0389691
co2 0 0755074 o 0755074 0755074 o o 098247

‘ H2 0 0942466 0 0942466 0942466 170545 0 0514868
N2 162092 163619 0 163619 163619 00152682 0 163619
02 0430877 1.1842e-25 o 1.1842e-25 1.1842e-25 07152 o 74274e-28
H20 0 0280509 00521779 0280509 0280509 0333922 0 0271444
& 0 3.2322e-35 0 3.2322e-35 3.2322e-35 o ) 6.1485e-39
cHa 0 0408197 0 0408197 0408197 0 0 0626528
Mass Flow kg/hr
co 0 140402 o 140402 1.40402 o o 0654924
coz 0 199384 0 199384 199384 0 0 25043
H2 0 0113094 0 0113994 0113994 0206278 0 00622747
N2 272445 275012 o 275012 275012 0.0256629 o 275012
02 0827253 22736e-25 0 22736e-25 22736e-25 137313 0 1.426e-27
H20 0 0.303206 0.0563999 0.303206 0303206 0360942 0 0.293408
c 0 23203¢-35 0 23293e-35 23293e-35 0 0 4431e-39
CH4 0 0392916 0 0392916 0392916 0 0 0603074
Total Flow mol/min 205179 485785 0.0521779 485785 485785 276984 o 442119

~  soLDS

© oo oo o0 o o

© oo oo oo oo

~ | WETCOAL

© oo oo o o o

© oo o0 oo o0 oo
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