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Abstract
This research work investigates the effect of gasification operating parameters, namely:
equivalence ratio (ER), gasification agent, reaction zone temperature, and residence time
on quality of syngas produced using sawdust.The research experiments were conducted
using a pilot scale downdraft gasifier with constricted throat and a rotating grate.
Temperatures at reaction zone of the gasifier were monitored directly using a digital
thermometer whereas an online gas analyzer capable of detecting percentage composition
and calorific value was employed to monitor quality of the syngas.Two sets of experiments
were carried out separately; one using air and the other using oxygen-enriched air as
gasifying agents. With air, flow rates at 6.4, 1.9 and 0.7 litre per minute (LPM) were used
for the study. The results obtained shows that the higher air flow level favours better
quality of syngas. Air flow rate at 0.64LPM generated the best quality of syngas containing
13.55 and 2.59% of CO and H,, respectively. Syngas maximum caloric value of nearly
3MJ/Nm? at a temperature of 550°C was observed. Using oxygen enriched-air on the other
hand, flow rate was maintained at 10LPM while varying the percentage oxygen at 21, 30,
40, 50, 60 and 80%.It was found that 40% oxygen enrichment generated the best quality of
syngas containing29.57 and 14.29% of CO and H, respectively.Syngas calorific value was
observed to rise consistently from 2.08 to a maximum of 6.69MJ/Nm? as percentage
oxygen in the gasifying agent was increased from 21 to 40%. Gasification performance
shows that both cold gas efficiency (CGE) and carbon conversion efficiency(CCE) reaches
peak value of 46.81 and 82.04% respectively at ER value of 0.2953 which also

corresponds to the 40% oxygen level in gasifying agent.
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CHAPTER ONE

INTRODUCTION
1.1  Background
The alarming rate of global warmingas a result of harmful gases released into the
atmosphere combined with continual depletion of fossil fuel resources at unprecedented
rate led researchers to devote effort in developing alternative energy technologies from
agricultural wastes like sawdust, rice husk andsugar cane bagasse to meet up future energy

demand (Christus et al., 2014).

Although it is not known how much fossil fuel is still available, it is generally accepted
that it is being depleted and is non-renewable. With these challenging circumstances,
search for other alternative renewable forms of energy sources becomes imperative. Other
consequences associated with fossil fuel use include the release of the trapped carbon in
the fossil fuels to the atmosphere in the form of carbon dioxide which has led to increased
concerns about global warming. Also, fossil fuel resources are not distributed evenly
around the globe which makes many countries heavily dependent on imports (Ajay et al.,
2009).Evidence suggests that conventional oil production has a limited capacity to meet
growing demand, and most additional demand will have to be met by unconventional
sources. Since the globe is turning towards the sustainable development, renewable energy

technologies are getting more attention all over the world (Bergerson and Keith, 2006).

The combustion of biomass of different varieties has gaindramatic applications ranging
from woodstove for domestic usage to industrial power generation. However more

extensive applications lie ahead from effective technology for conversion of the biomass



intovaluable gaseous and liquid resources which can be processed further to fuel or
commaodity chemicals(Reed and Das, 1988).

Biomass according to the United Nation Framework Convention on Climate Change
(UNFCCC, 2005)can be defined as non-fossilized and biodegradable organicmaterial
originating from plants, animals and micro-organisms. The term also applies to
products,by-products, residues and waste from agriculture, forestryand related industries as
well as the non-fossilized andbiodegradable organic fractions of industrial and
municipalwastes. Biomass has high but variable moisture content and ismade up of carbon,

hydrogen, oxygen, nitrogen, sulphur andinorganic elements.

Gasification refers tothe partial conversion of biomass resulting in production of
combustible gases consisting of carbon monoxide (CO), hydrogen (H;) and traces of
methane (CH,4). This mixture is called producer gas whichcan be used to run reciprocating
internal combustion engines, can be used as substitute for furnace oil in direct heat
applications and can be used to produce, in an economically viable way, methanol — an
extremely attractive chemical which is useful both as fuel for heat engines as well as
chemical feedstock for industries(Reed et al., 1982).

Previously, extensive researches have been carried out either experimentally or using
model to evaluate gasification performance.Mendiburu et al., (2014) carried out a work on
Parametric study on gasification process using non-equilibrium model. It was found that
increment in equivalent ratio ER enhance carbon conversion efficiency. However above a
value of 0.3 ER, LHV of producer gas decreases.Lahijani et al., (2013)conducted a work
on air gasification of oil palm waste over dolomite in a fluidized bed. It was concluded that

high temperature favors the quality of producer gas, however agglomeration was observed



at temperature above 850°C.Pratik et al., (2009) lead an experimental studies on producer
gas generation from wood waste in a downdraft biomass gasifier. It was reported that
Increase in the moisture content decreases biomass consumptionrate while increase in the

air flow rate increases biomass consumption rate.

1.2 Problem Statement

Sawdust commonly generated as waste in Nigerian sawmills attracts limitedeconomical
utilizationrather constitutes damaging environmental problems as a result of indiscriminate
disposal.Moreover,research on gasification operating parameters using locally available

biomass material for syngas production has not been fully established.

1.3  Aim and Objectives

The aim of this research work is to investigate the effect of various gasification operating
parameters, namely; equivalence ratio, reaction zone temperature, gasifying agents,
residence time on quality of syngasproduced using sawdust as feedstock anda downdraft

gasifier.

Specific objectives of the research work are:
1. To collect sawdust sample fromsawmill at timber market(Kasuwan Katako)Zaria in
Sabon Gari Local Government Area of Kaduna State, Nigeria.
2. To characterize the sawdust sample using proximate and ultimate analysis.
3. To carryout gasification of the sawdust sample using air and oxygen enriched-air as
gasifying agents.
4. To carryout qualitative and quantitative analysis of gasification products, namely;

CO, CO,, CHy, H, and O, using online gas analyzer.



5. To carryout MATLAB simulationof thermodynamic equilibrium modelusing
proximate and ultimate analyses data and to compare results obtained with

experimental data.

1.4 Justification

In situations where price of petroleum fuels are high or where supplies are unreliable,
biomass gasification has been identified as one promising technology for converting
carbonaceous materials into a clean, renewable and sustainable energy carrier gas known
as producer gas which is also called syngas.Moreover utilization of sawdust as gasification
feedstock does not impose direct impact on food security. In addition,indiscriminate
sawdust disposal commonly practiced in Nigeriaconstitutes a major health and

environmental hazard.

1.5  Scope

This research work waslimited to carrying out gasification experiments in a downdraft
gasifier using sawdust sample collected from the sawmills at timber market (Kasuwan
Kartako), Sabon Gari Local Government Area of Kaduna State, Nigeria, whereas air and

oxygen enriched air were used as gasifying agents.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

There are two main routes of converting biomass into biofuels, namely biochemical and
thermochemical conversion processes. Biochemical process operates at lower temperatures
and employs microbial activities on wet biomass such as molasses, starch, animal dung etc.
Biomass with moisture content less than 50% can be converted to combustible gas fuel
using thermal process operated at higher temperatures.

The term gasification refers to a process of conversion of any solid or liquid carbon-based
material (feedstock) into gaseous fuel through partial oxidation with air, oxygen, water
vapour or their mixtures. In practice gasification process converts only 60 — 90 % of
energy originally stored in the biomass into energy contained in gaseous or liquid

fuel(Reed and Das, 1988).

2.2 Historical Development of Gasification

Historical records dated the earliest gasification back to 1659 as illustrated in Figure 2.1
when “carbureted hydrogen” popularly known as methane was discovered by Thomas
Shirley from coal mine(Basu, 2010). The need for lighting streets became the primary
motivation behind the discovery of coal-gas also known as town gas. In 1792 William
Murdoch was the first to exploit the flammability of coal-gas for practical application for
lighting. In 1798 Murdoch lit up the main building of the Soho Foundry (steam engine
works) where he works. In 1808 Murdoch made a striking paper presentation to the Royal
Society where he demonstrated the application of coal-gas for lighting. One of the major
economic implications of gas lighting was the extension of working hours during the

5



industrial revolution. Factories operated even at night especially during the winter months
when nights are significantly longer. Later around 1920, town gas lighting technology
crosses over the Atlantic Ocean and became widespread in the United States (Singer, 1958;

Kaupp, 1984).

1788 1920 1931 1997
Robert Gardner: First Carl von Linde: Lurgi: Pressurized First commercial
gasification patent Cryogenic separation moving-bed gasification plant in U.S.
of air, fully continuous process
gasification process I
1659
Discovered gas Arab oil embargo
from coal mine Fourcroy: Water- Winkler fluidized- renewed
gas shift reaction bed gasifier gasification interest

1739 1792 1861 1945-1974 2001
Dean Clayton: Murdoc: First use Siemens gasifier: Post-war “oil Advanced
Distilled coal in a of coal-gas for First successful unit glut” gasification biomass
closed vessel interior lighting renewable energy
projects

Figure 2.1: Historical Timeline of Gasification Development(Basu, 2010).

The period 1940-1975 saw gasification enter two fields ofapplication of synthetic fuels as
internal combustion and chemical synthesis into oil and other process chemicals. During
the second world war, allied bombing of Nazi oil refineries and oil supply routes greatly
diminished the crude oil supply that fueled Germany’s massive war machinery. This forced
Germany to synthesize oil from coal-gas using the Fischer-Tropsch and Bergius

processes.Other chemicals and aviation fuels were also synthesized from coal.



Development of gasification technology witnessed a major drawback at the end of second
world war in 1946 as inexpensive gasoline from Middle East became available during the
oil glut. However this technology experiences dramatic renaissance as oil supplies to the
western world cuts off duringthe Arab oil embargo in 1973 which was triggered by the
Yom Kippur War. On October 15, 1973, Arab members of the Organization of Petroleum
Exporting Countries (OPEC) banned oil exports to the United States and other western
countries, which were at that time heavily reliant on oil from the Middle East. This
shocked the western economy and gave a strong impetus to the development of alternative
technologies like gasification in order to reduce dependence on imported oil.Global
warming and political instability in some oil-producingcountries gave a fresh momentum

to gasification at the millennium.

Gasification came out as a natural choice for conversion of renewable carbon-neutral
biomass into gas. The quest for energy independence and the rapid increase in crude oil
prices prompted some countries to recognize the need for development of
integratedgasification combine cycle (IGCC) plants. The attractiveness of gasification for
extraction of valuable feedstock from refinery residue was rediscovered, leading to the
development of some major gasification plants in oil refineries. In fact, chemical feedstock
preparation took a larger share of the gasification market than energy production (Basu,

2010).

2.3 Biomass Reserve in Nigeria
Biomass resources in Nigeria include agriculturalcrops, wood, charcoal, grasses and

shrubs, residues and wastes (agricultural, forestry, municipal and industrial), as well as

aquatic biomass.Obioh and Fagbenle, (2009) reported an estimate of Nigerian land use



allocation as shown in Figure 2.2.Nigeria has a total area of 923, 768 km? (comprising 910,
768 km? of land and 13,000 km? of water). Out of this,approximately 33 % (300,550 km?)
is arable, 3.1 9%(28,235 km?) is under permanent crop, 44 % is under permanent pasture, 12

% is under forest and woodland and approximately 0.3 % (2,820 km?) is under irrigation.

Land use

50
45
40
35 33
30
25
20
15 12

10 8

44

Percentage (%)

Pasture Arable Wood Crop Others

Figure 2.2: Land use Estimate in Nigeria (Obioh and Fagbenle, 2009)

Fuel wood is the most widely used domesticrenewable energy resource in rural areas of
Nigeria and especially by low income earners in the urban areas.Fuel wood and charcoal
constituted 32% and 40 % of the total primary energy consumption with 39 million tons
estimate in national demand in 2000. Table 2.1presentsestimated quantitiesof fuel wood
and some other waste resources generated in Nigeria. Fuel wood forms the largest
percentage of the non-commercial energy (about 37.4 % of the total energy demand) and
will continue to dominate the non-electricity energy needs for the majority of people in the

countryso long as other options are leftunexploited(Sambo, 2009).



Table 2.1: Biomass Resources and Estimated Quantities in Nigeria

Biomass Quantity (1000,000 kg) Energy value(1000 MJ)
Fuel wood 39100.0 531.0000
Agro-waste 11244 .4 147.7000
Sawdust 1800.0 31.4333

(Sambo, 2009)

About 80 x 10° m®, equivalent to 43.4 x 10° kg of fuel wood with an average daily
consumption ranging from 0.5 - 1.0kg of dry fuel wood per person is being consumed in
the country annually for cooking and domestic purposes (Ohunakin, 2010). The energy
content of the fuel wood that is being used is 6.0 x 10°MJ out of which only between 5-
12% is gainfully utilized for cooking and other domestic uses (Sambo, 2009).

Badejo, (2005) reported that the quantity of wood waste generated in the saw mills is
estimated at about 3.87 x 10° m® of which sawdust accounts for about 20%. According to
the report, the number of sawmills in Nigeria rose from over 500 in 1975 to 1200 in 1981.
These mills are estimated to produce well over 1.7x 10° mof wood waste annually.
Sawdust in its original form attracts no commercial value rather it constitutes disposal
problems to millers (who expend money for transportation to disposal sites), fire hazard as
a result of its burning and pollution of the environment.According to Ohunakin (2010),
about 42 x10°kg of sawdust is generated from every 100 x10°kg of timber produced with
an average of about 4.39 x 10° m%of log split and plywood processed annually in Nigeria.
The potential for sawdust generated can therefore be estimated as 1.8 x10°kgannually.
Figure 2.3shows the different forms of biomass that can be utilized as feedstock for

gasification.
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Figure 2.3:Assorted Biomass Materials(www.biomasspelletplant.com)

2.4  Biomass Material

Since earliest existence of mankind, tree branches, twigs, bark, peat, grasses, plant and
animal waste, leaves, moss, and various other forms of biomass were a source of energy to
provide heat and light. The role of biomass in more recent history has been expanded to
uses in the production of charcoal, paper, steam, weapons, tools and building materials.
Biomass as renewable source of materials and energy has experienced a sharp decline in its
utilization due to the discovery and development of worldwide fossil and mineral
resources. However, concerns about the finite, and decreasing amount of fossil and mineral
resources in addition to the health and climate impacts of fossil resource use have caused a

growth in interest and innovative methods for converting renewable biomass resources into
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products that fit our modern lifestyle. Utilization of biomass and waste materials has the

potential to make a significant contribution to domestic energy supply (Daniel, 2012).

The term biomass refers to material of biological origin, derived from living or recently
dead organisms. The chemical energy lodged in bonds of biomass fuel can be used directly
via combustion to produce heat or indirectly by conversion technology to various forms of
biofuel. Wood remains the largest pool of biomass energy source around the world.
Biomass includes agricultural and forest residues (such as dead trees, branches and tree
stumps), yard clippings, wood chips, municipal solid waste, sludge waste etc. Forest
residues include wood residue or wastes from logging and wood-processing activities.
Logging residues are the unused portions of trees cut during logging operations and left in
the woods. These include stumps, branches, leaves, off-cuts, and sawdust. Wood
processing residues, or primary mill residues, are composed of wood materials (such as
discarded logs, bark, sawdust and shavings) generated at manufacturing plants — sawmill,
veneer mill, plywood mill, or pulp mill- when round-wood are processed into primary
wood products. Forest residues can be used to generate heat, electricity, liquid fuels and
solid fuels (compressed wood such as pellets, briquettes, or charcoal briquettes (Milbrant,

2009).

2.5  Components of Biomass
Biomass constitutes of three major components namely;Cellulose, hemicellulose and

lignin.

2.5.1 Cellulose
Cellulose is a linear chain polymer of anhydrous of glucose units with a higher degree of

polymerization (~10000). It is represented by the generic formula (CgH10Os)n. This
11



structure gives it high strength, permitting it to provide the skeletal structure of most

terrestrial biomass (Klass, 1998).

2.5.2 Hemicellulose
Hemicellulose is a group of carbohydrates with a branched chain structure and a lower
degree of polymerization(~100-200), and may be represented by the generic formula

(C5H804)n(KIass, 1998).

2.5.3 Lignin

Lignin is a complex highly branched polymer of phenyl-propane and is an integral part of
the secondary cell walls of plants (Diebold and Bridgwater, 1997).Lignin forms the
cementing agent of cellulose fibers holding adjacent cells together. The dominant
monomeric units in the polymers are benzene rings. Figure 2.3 presents a schematic

diagram illustration of the components making up a biomass fiber structure(Basu, 2010).

CELL WALL LAYERS FIBRILS

WOOD CELLS a 82 53 H fnm Hemicellulose
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""""

CELLULOSE CHAIN MOLECULE

Figure 2.4:Components of Biomass Cellwall Structure (Basu, 2010).
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These three polymers form an interpenetrating fiber network that varies across the cell
wall.Raveendran et al., (1995) reported typical composition of different biomass materials
as shown in Table 2.2.Woody plant species are typicallycharacterized by slow growth and
are composed of tightlybound fibers responsible for the hard external surface, whereas
herbaceous plants have more loosely bound fibers indicating a lower proportion of
ligninwhich binds together the cellulosic fibers.

Table 2.2: Typical Composition of Different Biomass Materials

Plant Lignin Cellulose Hemicellulose
Wheat straw 16.4 30.5 28.9
Bagasse 18.3 41.3 22.6
Corn cob 16.6 40.3 28.7
Groundnut shell 30.2 35.7 18.7
Coconut shell 28.7 36.3 25.1
Millet husk 14.0 33.3 26.9
Rice husk 14.3 31.3 24.3

(Raveendran et al.,1995)

2.6 Biomass Characterization
Proximate and Ultimate analysis of biomass feedstock enables physical properties and

chemicalcompositions data to be establishment.

2.6.1 Proximate analysis

Proximate analysis determines moisture content (M), volatile matter (VM), ash content (A)
and fixed carbon content (C) of fuel using standard of the American Society of Testing
Material (ASTM). Moisture content of biomass sample is analyzed by weight loss

observed at about 110°C. Subjecting dried biomass further to a temperature of about 950°C
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drives off volatile contentleaving behind the fixed carbon. Properties of biomass vary with
its source or type therefore it is a common practice to make analysis on the dry basis and
sometimes on Moisture-Ash-Free (MAF)(Anjireddy and Sastry, 2011). Table 2.3presents
proximate analysis data of different biomass materials on weight percentage basis(Chiang

etal., 2012).

Table 2.3: Proximate Analysis of Selected Biomass Feedstock

Material Moisture content  Volatile matter Fixed carbon Ash (wt. %)
(wt.%0) (wt. %) (wt. %)

Sawdust 11.30 71.99 16.03 0.68
Willow 11.86 73.69 13.86 0.59
Rice husk 9.68 62.43 15.93 11.96
Rice straw 10.71 64.22 15.61 9.46
Bamboo

11.11 70.19 15.56 3.14
trimmings
Banana

11.74 62.46 19.46 6.34
trimmings

(Chiang et al., 2012)

2.6.2 Ultimate analysis

Ultimate analysis determines the chemical composition and higher heating value (HHV) of
fuels. Elemental composition of dry fuel on weight percentage basis is analyzed. Typically,
hydrogen, oxygen, carbon, nitrogen, sulphur and Ash content are determined. Table
2.4shows ultimate analysis of selected biomass materials reported by Reed and Das,

(1988).

Heating value can be determined by exposinga sample of biomassfeedstock to react with

oxygen in a bomb calorimeter and then measuring the amount of heat released relative its
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moisture content driven off in form of water vapor. Results from the procedure represent

the maximum energy obtainable from combustion reaction of the fuel and it is a useful

parameter in calculating gasification efficiency.

Table 2.4: Ultimate Analysis of Data for Selected Biomass Materials

Material Carbon Hydrogen Nitrogen Sulfur Oxygen Ash Heating
Value
(MJ/kg)
Municipal solid 47.6 6.0 1.2 0.3 32.9 120  19.83
waste
Animal waste 42.7 55 2.4 0.3 31.3 178 171
Paper 43.4 5.8 0.3 0.2 44.3 6.0 17.57
Sawdust pellet 47.2 6.5 0.0 0.0 45.4 1.0 20.45
Sawdust chips 50.91 6.13 0.23 0.0 42.14 059 201
Rice straw 39.2 51 0.6 0.1 35.8 19.2 158
Rice halls 385 5.7 0.5 0.0 39.8 155 153
Maple 50.6 6.0 0.3 0.0 41.7 1.4 19.9
Poplar 51.6 6.3 0.0 0.0 41.5 0.6 20.7
Redwood 53.5 5.9 0.1 0.0 40.3 0.2 21.0
Beech 51.6 6.3 0.0 0.0 41.5 0.6 20.3
Pine bark 52.3 5.8 0.2 0.0 38.8 2.9 20.4

2.7  Biomass Heating Value

Heating is the energy release when a material undergoes complete combustion with oxygen

under standard condition. This value can be express in two ways; either as higher or lower

value.
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2.7.1 Higher heating value

Higher heating value (HHV)which is also called gross calorific value (GCV) is defined as
the amount of heat released by theunit mass or volume of fuel (initially at 25 °C) once it is
combusted and theproducts have returned to a temperature of 25 °C. It includes the latent
heat ofvaporization of water. HHV can be measured in a bomb calorimeter usingASTM E

711-82 (2013).

2.7.2 Lower heating value

The lower heating value (LHV), also known as the net calorific value (NCV), is defined as
the amount of heat released by fully combusting a specified quantity of material, less the
heat of vaporization of the water in the combusted material. In real practice flue gases
produce from combustion are rarely cooled to the initial temperature of the fuel, which is
generally below the condensation temperature of steam. So the water vapor in the flue gas
does not condense, and therefore the latent heat of vaporization of this component is not
recovered. The effective heat available for use is a lower amount, which is less than the
chemical energy stored in the fuel.The relationship between HHV and LHV can be

expressed as follows: (Basu, 2010).

A
LHVrer = HHV — 2 (9H + M) (2.1)

where,H and M stands for percentage hydrogen and moisturerespectivelyin the fuel. A,is

the latent heat of steam approximately 2260 kJ/kg.
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2.7.3 Estimation of biomass heating values

Experimental methods are the most reliable means of determining the heating value of
biomass. If these are not possible, empirical correlations like the Dulong-Berthelot
Equation, originally developed for coal with modified coefficients for biomass, may be
used. Channiwala and Parikh (2002) developed the following unified correlation for HHV

based on 15 existing correlations and 50 fuels, including biomass, liquid, gas, and coal.

HHV = 349.1C +1178.3H + 100.5S —103.40 — 15.1N — 21.1ASHK]/kg (2.2)

Where C, H, S, O, N, and ASH;are percentages of carbon, hydrogen, sulfur, oxygen,
nitrogen, and ash as determined by ultimate analysis on a dry basis. This correlation is
valid within the range:

0<C<92%:; 0.43 <H < 25%

0<0<50;0<N<5.6%

0 <ASH < 71%; 4745 <HHYV < 55,345 kJ/kg

2.8 Biomass Beneficiation

Upstream processing of biomass makes it suitable for gasification operations. Size
reduction is needed to obtain appropriate particle sizes. Drying is needed to achieve
appropriate moisture so that the process can work efficiently. Densification also may be

required where biomass material has substantially low density (Ajayet al., 2009).

2.8.1 Size reduction
Smaller particles have larger surface areas per unit mass and larger pore sizes which

facilitate faster rates of heat transfer and gasification (Kirubakaranet al., 2009). Smaller
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particles resulted in formation of more CH,4, CO, C,H,4 and less CO, which led to higher
gas yields, gas energy content (LHV) and carbon conversion efficiency(Lv et al., 2004). It
was observed that particle size reduction from 1.2 mm to 0.075 mmshows a
significantincrease in H, and CO contents as well as carbon conversion efficiencies
whereas the CO,content decreases (Luo et al., 2009). It can be implied that higher gas
yields and energy efficiencies were attributes of the increased heat transfer in smaller size

particles as a result of larger surface area (Akayet al., 2009).

2.8.2 Pre-drying

Drying constitutes an important biomass fuel pretreatment in that moisture content affect
the quality of gas produced. To vaporize water off about 2300kJ of heat energy is required
and1500kJ will be consumed to raise gasification temperature up to 700°C during pyrolysis
and gasification processes.For direct combustion, heat expense for drying comes from total
heat budget amounting to reduction in performance of the process in terms of tar
formation, low gas efficiency and low throughput. Biomass with moisture content up to
25% requires drying often accomplished by radiant energy from the sun or using hot air
driers for high grade application. At high temperatures, higher rate of drying is
experienced.Surfaces of biomass fuel material dried up completely and began to undergo
pyrolysis leaving significant moisture buried deep at the center.(Reed, 1988) reported that
20 minutes residence timeaccomplished moisture content reduction from 50 to 5%

operated with 90% recycle of hot air (Reed and Das, 2000).
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2.9  Biomass ConversionProcess
There are two main route of converting biomass feedstock into biofuels namely;
biochemical conversion and thermochemical conversion processes as depicted in Figure

2.5(Basu, 2010).

Biomass conversion

Biochemical route Thermochemical route
I
I |
Digestion Fermentation — Pyrolysis
Anaerobic — Gasification
; Steam
Aerobic
Combustion — Air/Oxygen

Figure 2.5: Schematic Diagram of Biomass Conversion Routes

2.9.1 Thermochemical conversion

Thermochemical conversion processes utilize heat as the dominant mechanism toconvert
biomass into constituent chemical components. Alternatives tocombustion
principally;drying, pyrolysisand gasification are distinguishedby the extent to which the
chemical reactions involved are allowed to proceedmainly dictated by amount ofoxygen
supply and conversion temperature.

Combustion requires high temperatureoperation condition around 700 — 1400 Cto convert
biomass in excessair into carbon dioxide and steam.Gasification on the other handinvolves
a chemical reaction taking place at moderate temperatures around 500 — 1300°C in an

oxygen-deficient environment.Benefits of gasification process include; increase in the
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heating value of the fuel, reduction in greenhouse gas (GHG) emission and reduction in
carbon-to-hydrogen (C/H) mass ratio of the fuel.

Pyrolysis takes place at a relatively low temperature around 280 — 430°C in the total
absence of oxygen. The rate at which pyrolysis take place determines the type of product
obtained. Fast pyrolysis produces mainly liquid fuel,known as bio-oil; slow pyrolysis
produces some gases and solid charcoal (Basu, 2010).

Thermochemical conversion technology has certain advantages and disadvantages over
biochemical conversion technology. The main advantages are that the feedstock for
thermochemical conversion can be any type of biomass ranging from agricultural residues
to municipal wastes. Product gases obtain through this process can be converted to a
variety of fuels (H,, diesels, synthetic gasoline) and chemicals (methanol, urea) as
substitutes for petroleum-based chemicals. The major disadvantages are the high cost
associated with cleaning the product gas from tar and undesirable contaminants like alkali
compounds as well as inefficiency due to the high temperatures required (Akay et al.,

2009).

2.9.2 Biochemical conversion

Biochemical conversion makes use of the enzymes produced by bacteria and other
microorganisms to break down biomass. In most cases, microorganisms are used to
perform the conversion process through anaerobic digestion, fermentation
ordecomposition. Biochemical methods are generally selective in terms of feedstock.
Starchor sugar rich feedstockcan be processed effectively to desired products. However

limitations are often encounteredwhenhandlinglignocellulose materials. Despite highly
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developedtechnology in biochemical conversion routeoperation is often carried out in

batch process making it time consuming.

2.10 Gasification Process

Gasification is a thermochemical process carried out under limited oxygen condition to
convert carbonaceous feedstock to synthesis gas which is a valuable gaseous fuel primarily
comprising hydrogen (H;), carbon monoxide (CO), methane (CH,4) and carbon dioxide
(CO2). Reducing atmosphere of the gasification means that only 20% to 40% of
stoichiometric amount of oxygen (O,) related to a complete combustion enters the reaction.
Elevated temperature condition up to 700°Cin an oxygen starved environment is required
to convert the carbonaceous feedstock to synthesis gas. Gasification takes place in four
different stages as shown in Figure 2.6, namely: drying, pyrolysis, combustion and
reduction.Although, there is a considerable overlap of these stages, each can be assumed to
occupy a separate zone where fundamentally different chemical and thermal reactions take

place.
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Figure 2.6: Stages of Biomass Gasification

2.10.1 Drying

The drying process involves driving off the moisture content which occurs rapidly as the
fuel particle is introduced into the high-temperature environment. Low moisture content
(MC) fuel is desirable because latent heat of vaporization requires relatively large amounts
of energy at the expense of the principal endothermic reactions. Typically the resulting
steam is mixed into the gas flow and may take part in subsequent chemical reactions,

notably the water-gas reaction if thetemperature is sufficiently raised high enough.

2.10.2 Pyrolysis

Pyrolysis process includes the heating of biomass at temperatures 500 — 900°C in a closed
chamber or reactor in the absence of oxygen. It is an irreversible chemical change, which is
due to heat supplied in the absence of oxygen. This process yield solid (char), liquid (tar)

and gaseous products. In the absence of oxygen the heat energy in the reactor splits the
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chemical bonds thereby releasing tremendous energy stored in biomass. As the temperature
rises the cellulose and lignin break down to simpler substances which are driven off
leaving a char residue behind(Shrivastava, 2012).

Tar is a condensable vapor ofcomplex hydrocarbon mixture approximately represented by
atomic formula CH;,0s. During pyrolysis, volatiles component of biomass fuel are
released and char is produced resulting to about70% weight losses. The process is
dependent on the properties of the carbonaceous material and determines the structure and
composition of the char which is a solid residue mainly containing carbon and non-
combustible ash. Composition of the gaseous product depends on operation temperature,

pressure, and the type of oxidizing agent used.

2.10.3 Combustion

After biomass fuel material undergoes pyrolysis, portion of the volatile gases and
charreactwith the oxidant in a series of exothermic reactions. This process is critical for
gasification as it provides the heat required to drive the endothermic gasification reactions.
In the case of steam gasification, the water-gas shift reaction is utilizedto produce
increased amounts of hydrogen.

The endothermic reactions that are driven by the reactive conditions in the gasifier yield
combustible gases including hydrogen, carbon monoxide and methane. Combustion

reaction can be represented generally by the following reaction:

CH, ,0q6 + 1.050, + (3.95N,) - CO, + 0.7H,0 + (3.95N,) + heat  (2.3)
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Where CH, ,0,¢ represent an average formula for biomass feedstock. Nitrogen present
comes in when air is used as oxidant, however remains inert anddoes not partake in the
reaction. Where pure oxygen or steam is used, nitrogen disappears completely.Char reacts
with oxygen to form primarily carbon dioxide and small amountsof carbon-monoxide.The
total oxidation reaction is exothermic and thus provides enough heat to maintain
subsequent endothermic reactions.

Partial oxidation reaction:

C+20; - €O + 110.7k]/mol (2.4)

CO + 50, - CO; + 289.0k] /mol (2.5)

Total oxidation reaction:
C+ 0, - CO, — 393.5k]/mol (2.6)
Methane reformation reaction:

CO + 3H, - CH, + H,0 + 206.3k]/mol (2.7)

2.10.4 Reduction
Reduction also called gasification in some literature occurs when char represented as
carbon reacts with steam to form carbon monoxide and hydrogen gas (synthesis gas).
Here CO, and H,0 produced from oxidation zone are reduced to form carbon monoxide
(CO) and hydrogen (H,) by absorbing heat from the oxidation zone. Oxidation zone raise
the temperature of reduction zone to promote the steam gasification reaction which has
higher activation energy. This reaction requires temperature of 900°C and above. Over
90% of CO. is reduced to CO at higher temperatures.

Gas-shift reaction:

C + H,0 - H, + CO + 131.4k]/mol (2.8)
24



Boudouard reaction:

C+ CO, = 2C0 + 172.6k]/mol (2.9)

Hydrogenation reaction:

C+ 2H, -» CH, + 74.9k]/mol (2.10)
In addition the reversible gas phase water gas shift reaction reaches equilibrium very fast at
gasifier temperature. This balances the concentrations of carbon monoxide, steam, carbon
dioxide and hydrogen.

Reverse water-gas shift reaction:

CO + H,0 — CO, + H, — 41.1k]/mol (2.11)

2.11 GasifierDesign

Various designs of biomass gasifierhave been developed over the years and each of them
suits a particular form of biomass fuel to handle and also the end application of producer
gas.However a number of gasifiers are designed with ingenuity and versatility to handle a
range of biomass fuel.Basically there are two common classifications of biomass gasifiers
based on bed type, namely fixed bed and fluidized bed. Figure 2.7 shows application of
different gasification technology base scale of power production. Fixed bed technology is
suitable for small applications with output power requirement <100 kW. On the other hand

fluidized bed technology applies for higher power output.
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Figure 2.7:Application of Various GasifierDesign for Power Generation

2.11.1 Fixed bed design

Fixed bed uses bed of solid fuel particles through which air and produced gasesflows either
in upward or downward direction. Where the gasification agent usually air flows upward
and producer gas exit at the top, the reactor configuration is called updraft. Inversely where
air flows downward and producer gases exit through outlet at the bottom, reactor is called
downdraft. Where both the gasifying agent and producer gas flows across the biomass bed,
it is called cross draft. For the present research purpose, priority will be centered toward

downdraft reactor design because of its suitability in small scale applications.

2.11.1.1Updraft gasifier

Configurationof the updraft gasifier is depicted on Figure2.8. Biomass feedstock goes in
from the top while air supplies enters below the combustion zone through grate and flows
upward through bed. The grate is mounted at the base of gasifier where air and steam
reacts with charcoal from biomass to produce very hot CO, and H,0. These gasesundergo
endothermicreactionwith char to form CO and H,. The ascending hot reducing gases

decomposebiomass above combustion zone through pyrolysis. The producer gas has no
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ash but contains tar and water vapor because of passing of gas through fresh biomass fuel.
About 5% to 20% of tars and oils are produced at temperature too low for significant
cracking and are carried out in the gas stream. The remaining heat dries the wet biomass so
that none of the energy is lost as sensible heat in the gas. The advantage of updraft gasifier
over other gasifier is its high conversion efficiency up to 80% but it produces tar with
producer gas which is the major feedback of updraft gasifier. Tar content producer gas
cannot be used in engine applicationbecause it has the potential to corrode the engine parts

like piston, valve and fuel line(Shrivastava, 2012).

Figure 2.8:Schematic Diagram of Updraft Gasifier

2.11.1.2Downdraft gasifier

In the downdraft gasifier, the upper cylindrical part of gasifier acts as a collection device
for wood chips or other biomass fuel. The geometry of the downdraft gasifier is shown in
Figure 2.9. Below this cylindrical part of gasifier, there is a radially directed air nozzle that

permits air to be drawn in to chips as they move down to be gasified. This nozzle
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constitutes combustion and reduction zone as shown in Figure 2.9. Air contacts the
biomass undergoing pyrolysis before it contacts withchar and support a flame. The limited
air supply in the gasifier is rapidly consumed, so that the flame gets richer as pyrolysis
proceeds. At the end of pyrolysis zone, the gases consist mostly of CO,, H,O, CO and H..
The throat ensures that the gaseous products pass through the hottest zone where most of
the tar cracked into gaseous hydrocarbon. Thus produces relatively clean gas. Product gas

application for internal combustion (IC) engine, downdraft gasifier is more suitable as it

produces very less tar(Shrivastava, 2012).
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Figure 2.9:Schematic Diagram of Downdraft Gasifier
Downdraft gasification technology has an increased interest among researchers worldwide
due to the possibility to produce mechanical and electrical power from biomass in small-
scale to anaffordable price. There exist mainly two designs for downdraft gasifiers: the
Imbert gasifier (Throated or closed top gasifier) and the stratified gasifier (Throatless or

open core gasifier). These gasifiers have been used for gasification of bark, wood blocks,
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chips and pellets, straw, maize cobs, refuse derived fuel (RDF), and waste pellets with
various gasifying media like air, oxygen, Steam (Anjireddy and Sastry, 2011).

@) Imbert Downdraft Gasifiers

The Imbert downdraft gasifiers are suitable to handle biomass fuel having ash and moisture
content less than 5% and 20% respectively (Pathak et al., 2008). This gasifier features a
concurrent flow of gases and solids through a descending packed bed, which is supported
across a constriction or throat. The biomass fuel enters through the hopper and flows
down, gets dried and pyrolysed before being partially combusted by the gasifying media
entering at the nozzles. The throat allows maximum mixing of gases in high temperature
region, which aids tar cracking. Below the constriction or throat the combustion gases
along with tar pass through the hot char and are reduced to primarily CO and H,. The
imbert downdraft gasifier is generally used for gasification of woody biomass of uniform
sizes and shapes as they flow smoothly through the constricted hearth. The producer gas
from downdraft gasifier has lesser tar-oils (<1 %), higher temperature (around 700°C) and
more particulate matter than that from an updraft gasifier. The gasifier has lower overall
efficiency since a high amount of heat content is carried over by the hot gas (Clarke, 1981,
Reed et al., 1999). The physical limitations of biomass particle size limit the capacity of
the imbert downdraft gasifiers to 500 kW.

(b) Stratified Downdraft Gasifiers

Stratified or throatless downdraft gasifier was developed to overcome the problem of
bridging and channeling associated with throated downdraft gasifiers. The open top
ensures uniform access of air and permits fuel to be fed easily and uniformly, which keeps

the local temperatures in control (Panwar et al., 2009). The hot producer gas generated is
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drawn below the grate and up through the annulus of the reactor, where a part of the heat
of the gas is transferred to the cold fuel entering the reactor, improving the thermal
efficiency of the system. The pyrolysis components are cracked in the oxidation zone, as
gas traverses a long uniformly arranged bed of hot char without any low temperature
zones, therefore the tar generated is low 0.05 kg tar/kg gas. The open top throatless gasifier
is suitable for small sized biomass having high ash content up to 20 % (Stassen and Knoef,

1995; Sims, 2003; Tiwariet al., 2006).

2.11.1.3 Cross draft gasifier

Schematic diagram of a crossdraft gasifier is shown in Figure 2.10. Air enters at high
velocity through a water cooled nozzle mounted on one side of the firebox, induces
substantial circulation and flows across the bed of fuel and char. The gas is produced in the
horizontal direction in front of the nozzle and passes through a vertical grate into the hot
gas port on the opposite side. This produces very high temperature in a very small volume

and results the production of minimum or tar freegas(Shrivastava, 2012).
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Figure 2.10:Schematic Diagram of Crossdraft Gasifier
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2.11.2 Fluidize bed gasifier

Fluidized bed gasification system is used for the fuel which has high ash contents and the
ash has low melting point. In fluidized bed gasifiers the air is blown upwards through the
biomass bed. The bed under such conditions behaves like boiling fluid and has excellent
temperature uniformity and provides efficient contact between gaseous and solid phase.
Figure 2.11 depicts a schematic diagram of a fluidize bed Gasifier.

Generally the heat is transferred initially by hot bed of sand. Normally the operation
temperature of the bed is maintained within the range of 750-950°C, so that the ash zones
do not get heated to its initial deformation temperature and this prevents clinkering and
slagging. The major advantage of fluidized bed gasifier over downdraft is its flexibility
with regard to feed rate and rate of consumption but it produces more dust and tars as

compared to downdraft gasifier (Maniatis and Buekens, 1982).
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Figure 2.11: Schematic Diagram of a Fluidize Bed Gasifier
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2.12 GasificationOperating Parameters

2.12.1 Equivalence ratio
The equivalence ratio (ER) expressed by equation (2.12) is an importantoperating
parameter in gasification process.Where ER equals unity then stoichiometric oxidation or

complete combustion is said to occur (Mevissen et al., 2009).

ER = (air/biomass)actual

(air/biomass)theoritical

(2.12)

Equivalence ratiostrongly influences the type of gasification products. This is very crucial
because a high ER value results in a lower concentration of H, and CO as well as in a
higher CO; content in the product gas. Thus, a higher ER decreases the heating value of the
syngas. Increasing the ER also has a beneficial effect on reducing tar formation given the
greater availability of oxygen to react with volatiles. This phenomenon is more significant
at higher temperatures. On the other hand, an increase in the steam/biomass ratio is
expected to produce a higher hydrogen fraction as a result of the water gas shift reaction.
In addition, excess steam often drives the cracking of higher hydrocarbons and reforming
reactions (Narvaez et al., 1996). Lv et al.,(2004)divided biomass gasification into two
stages based on the ER. In the first stage, the ER varied from 0.19 to 0.23. At this ER
value, the gas yield increased from 2.13 to 2.37 Nm® kg biomass and the lower heating
value (LHV) of the gas was augmented from 8817 to 8839 kJ/Nm®. In the second stage, the
ER ranged from 0.23 to 0.27 and the heating value decreased as the ER increased. When
the ER range was between 0.59 and 0.73; this had a slight effect on the hydrocarbon
content. However, according to (Zhou et al, 2000), ER does not significantly influence the
concentration of nitrogen-containing products in biomass gasification. A slight increase in

NHs; was observed when the ER was increased from 0.25 to 0.37 at 800 °C in sawdust
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gasification. Nevertheless, the steam/biomass ratio provides an upper limit set by
gasification stoichiometry. Exceeding this limit yields excess steam and H,O in the product
gas. The energy associated with excess steam and the enthalpy losses resulting from the
unnecessary production of this steam need to be considered in the system energy balances.
Such issues demonstrate the importance of selecting an optimal steam/biomass ratio in
biomass steam gasification for achieving high process efficiency.Figure 2.12 illustrates the
effect of ER on Gasification temperatures.It can be seen that pyrolysis at temperature
below 1000°C with zero ER value meaning no air is required. Gasification occurs typical
between 0.2 - 0.4 ER, and according to a number of studies, ER is one ofthe most
important variables in the gasification process infixed bed reactors (Dogru et al., 2002)
which affect the quality of syngas produced. Garcia-Bacaicoa et al, 2008 reported that the
amount of air fed into downdraft moving bed gasifiers controls the biomass consumption
rate. The stoichiometric air/fuel ratio in cubic meters (at normal conditions) per kg of
biomass can be expressed in terms of the chemical composition of the fuel and its typical
value is between 5 and 6 Nm®kg when firewood is used. (Sheth et al., 2010)reported in his
studies that Molar fractions of N, and CO,decrease up to an equivalence ratio of 0.21. For
larger values of ER ranging from 0.21 to 0.41, there is an increase in N, and CO,fractions.
This is opposite to the trend observed for H,and CO molar fractions. The temperature of
oxidation zone varies from 900°C to 1150°C and that of pyrolysis zone varies between
150°C and 400°C. At an equivalence ratio of 0.21, the oxidation zone temperature passes
through maxima. The trend of calorific value, producer gas production rate and cold gas

efficiency variation is similar to that of variation of CO and H; fractions with an increase
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in equivalence ratio. With an increase in the equivalence ratio, calorific value, producer gas

production rate and the calorific value have maxima at an equivalence ratio of 0.21.
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Figure 2.12:Effect ofER on Gasification Temperatures

2.12.2 Temperature

Researchers have conducted extensive studies reviewing the influence of temperature on
tar production during biomass gasification (Skoulou et al., 2009). To achieve a high carbon
conversion of the biomass and a low tar content, a high operating temperature (>800°C) in
the gasifier is recommended. With the increase in temperature, combustible gas content,
gas yield, hydrogen, and heating value allincreased significantly, while the tar content
decreasedsharply(Hanping et al., 2008). Although this trend shows that higher
temperatures are favorable for biomass gasification,from an overall process
perspective,very high temperature may cause agglomeration of ash(Luo et al., 2009; Gaoet
al., 2009). In practice, this may limit gasification temperatures up to 750 °C (Salaices et
al., 2010). Moreover(Mahishi and Goswami, 2007)reported that the hydrogen at chemical

equilibrium initially increased with temperature, reached a maximum, and then gradually
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decreased at the highest temperatures. Temperature affects not only the amount of tar
formed but also the composition of tar by influencing the chemical reactions involved in
the gasification network (Wolfesberger et al., 2009).To produce a relatively clean gas by
increasing temperature, several operational strategies are reported in the literature.
Fagbemi et al.,(2001) showed that tar yields were augmented first while temperature rose
up to 600 °C and then dropped after this temperature was surpassed. Subramanian et al,
(2009) identified two temperature ranges above and below 500°C. Generally temperatures
above 500°C are chosen for reduction of carbon dioxide by carbon to carbon monoxide.
Therefore, pyrolysis of biomass is carried out at temperature less than 500°C for the
maximum Yyield of char with inert medium flowing complete gasification is achieved at
temperature above 500°C with air flowing. Mae et al.,(2009)conducted experiments for
treatment of biomass in nitrogen and air at 240-340°C in order to examine the low-
temperature region in a downdraft gasifier by analyzing the treated precursors and product
distribution. Gas-treated precursors were then pyrolyzed in flash mode at 764°C for further
analysis. Overall, the tar yield decreased from approximately 50 wt. % to less than 20 wt.
% upon oxidation of the sample at a very low heating rate to 260-300°C in air. Moreover,
tar evolution was almost completely suppressed during the subsequent flash pyrolysis. This
indicates that the structure of the treated precursors was gradually changed to suppress tar
release through cross-linking reactions and partial oxidation.

From elemental analysis of the precursors treated with air, it was also estimated that
dehydration and partial oxidation proceeded simultaneously. The results indicate that the
release of tar products such as dimers can be partially suppressed by air treatment at low

temperature. Therefore, several factors including tar content, gas composition determining
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gas heating value, and char conversion shouldall be taken into consideration and weighted
carefully in theselection of the gasifier operating temperature (Anjireddy and Sastry,

2011).

2.12.3 Gasification medium

Gasification under different atmospheres such as air, steam, oxygen, and carbon dioxide
has been reported in the literature. In general, the gasifier atmosphere determines the
calorific value of the syngas produced. When one uses air as the gasifying agent, a syngas
with low heating value is obtained. This is mainly due to the syngas dilution by the
nitrogen contained in air (Gil et al., 1999; Mathieu & Dubuisson, 2002). However, if one
uses steam or a combination of steam and oxygen, a syngas with a medium calorific value
is produced (Zhang et al., 2004). In addition, the combined use of steam and air gives
much higher H; yields than with air alone. This also helps to reduce the energy required for

the process, which is normally provided by combusting a fraction of the biomass.

2.12.4 Moisture content

Moisture in biomass fuelis an important parameter in gasification as it drains much of the
deliverable energy in the process of drying. This important input design parameter must be
known for assessment of the cost of or energy penalty in drying the biomass. The moisture
in biomass can remain in two forms: (i) free or external and (ii) inherent or equilibrium.
Free moisture is that above the equilibrium moisture content. It generally resides outside
the cell walls. Inherent moisture, on the other hand, is absorbed within the cell walls. When
the walls are completely saturated the biomass is said to have reached the fiber saturation
point, or equilibrium moisture. Equilibrium moisture is a strong function of the relative

humidity and weak function of air temperature. For example, the equilibrium moisture of

36



wood increases from 3 to 27% when the relative humidity increases from 10 to 80%. It is
found that with an increase in the moisture content, the biomass consumption rate
decreases. For higher moisture content of biomass, the energy requirement for drying
increases and reduces the biomass pyrolysis. The biomass moisture content greatly effects
both the operation of the gasifier and the quality of the product gas. The constraint of
moisture content for gasifier fuels are dependent on type of gasifier used(Anjireddy and
Sastry, 2011). Higher values of moisture content could be used in updraft systems but the

upper acceptable limit for a downdraft gasifier is around 25% (Basu, 2010).

2.12.5 Superficial velocity

A superficial velocity(SV) is defined as a ratio of the syngas production rate at normal
conditions and thenarrowest cross sectional area of the gasifier. A number of authors have
indicated that SV influences the gas production rate, the gas energy content, the fuel
consumption rate, the power output and char and tar production rates (Anjireddy and
Sastry, 2011).

Better performance of the gasifier was observed when low tar content in producer gas and
high efficiency were obtained for SV values of about 0.4 Nm/s. Low values of SV result in
a relatively slow pyrolysis process with high yields of char and significant quantities of
unburned tars. On the contrary, high values of SV cause a very fast pyrolysis process,
formation of a reduced amount of char and very hot gases in the flaming zone. However,
such high SV values may significantly decrease the gas residence time in the gasifier,
resulting in lower efficiencies in the tar cracking processes. The lowest gravimetric tar

yield of 0.7% was obtained at 0.4 m/s SV, and the highest was obtained at 0.7 m/s. High
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tar yields at high SV are attributed to short residence time and channeling (Yamazaki et al.,

2005).

2.13 Product Gas Treatment

Despitenumerouscreditsattributed  tosyngas  produced from  biomassgasification,
thetechnology stillfaces hugechallenges due to the presence of impurities suchastars
andparticulatematters which invariably affects downstream application of the
gas(Asadullah, 2014).Consequently, rigorous clean up procedure must be implemented to
ensure acceptable limit of impurities depending on specification of application
(Paethanomet al., 2012).Concentration of impurities in the product gas depends on many
factors however feedstock type and gasification conditions are two major factors that

control the gas quality.

2.13.1 Tar removal

Tar is a complex mixture constituted primarily of aromatic hydrocarbons with molecular
weight higher than benzene which are condensable at ambient temperature. Its formation
occurs during pyrolysis stage of gasification precisely at a relatively low temperature of
around 200°C and gets completed at about 500°C. In this temperature range the cellulose,
hemicellulose, and lignin components of biomass break down into primary tar also known
as wood oil or wood syrup. Above 500 °C the primary tar components start reforming into
smaller, lighter non-condensable gases and a series of heavier molecules (Milne et al.,

1998).

Tar remains in vapor along the carrier gasstream until cools below the dew point of around

300°C forming either a liquid phase or fine aerosol drops (<1 micron). This characteristic
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makes the tarry product gas unsuitable for use in gas internal combustion(IC)engines
whichhas very low tolerance limit (Basu, 2010).1t is reported that the maximum tar yield
can go up to 6g/Nm?® for air blown fixed downdraft reactor while 10 — 150g/Nm?® updraft
reactor.(Graham & Bain, 1993). However, the maximum allowable limit of tar in synthesis
gas application is 0.02g/Nm?® and 0.1g/Nm? for particulate matter (Milne et al., 1998).

There are three major basic reactions responsible for tar destruction namely steam
reforming, thermal cracking and steam cracking (Delgado et al., 1996). Both steam and dry
reforming are catalytic reactions involving the use of additives such as dolomite, char and
olivine among others to facilitate reaction rate. In this way tar reduction becomes easier to

reach at relatively lower operation temperature of around 800°C.

@ Steam reforming
Steam reforming takes place in the presence of steam which breaks the tar into simpler

gaseous molecules as represented by equation (2.12)
ChHx + nH,0 = (n+ x/2)H, + nCO (2.12)
(b) Dry reforming

Dry reforming reaction takes place in the presence of CO; as the gasifying medium to

effect cleavage on the giant tar cleavage as represented by equation (2.13)
C,H, + nCO, — (x/2)H, + 2nCO (2.13)

(¢)  Thermal cracking
Thermal cracking in contrast does not require the use of catalyst for tar decomposition

rather exclusively by mean of high temperature effect typically raised around 1100°C.
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This option may not be attractive in small scale application because of its associated

energy implication where external heating may be required to achieve operation condition.

2.13.2 Particulate removal

Particulates matter mainly consists of unconverted biomass material (ash and char) and a
portion of finely divided bed material. Ash materials are the mineral components of the
biomass; char is the unconverted portion of the biomass which is less reactive, resulting in
decreased carbon conversion efficiency, and the fines from the bed material also are
entrained with the gas stream (Ajay et al., 2009).Theseparticulates can cause abrasion to
downstream equipment orpresent environmental emission hazard. Therefore, it will
bemandatory to remove the particulates before usingthe gas in any downstream

process.(Laurence and Ashenaf, 2012)

When the product gas is used for internal combustion engine, the particles deposit in the
nozzle and causes blockage of the system. For turbine application the particles adversely
affect the turbine blade due to abrasion effect. The particles also affect the anode of the
solid oxide fuel cell and deactivate the catalyst for the Fischer Tropsch synthesis.
Thelnternal Combustion (IC) engine can satisfactorily accept the particle concentration
<50 mg/Nm? with size <10 pum, while it is <30 mg/Nm? for gas turbine. Fischer Tropsch
synthesis requires complete separation of particulate matter for production of methanol and

other hydrocarbon fuel(Hasler and Nussbaumer, 1999).

There are many different technologies for removal of particulates matter from gases that

can be applied to both syngas and product gas. To remove particulates from the synthesis
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gas the following systems can be used: cyclones, barrier filters, electrostatic filters (ESP),

and solvent scrubbers (Boerrigter and Rauch, 2006).

2.13.3 Gas conditioning

Gas conditioning comprises all gas treatment steps to adjust the main gas composition of
the syngas (or product gas) to meet the specifications of the gas application. The main
issues in gas conditioning are adjustment of the H,/CO ratio and CO, removal. Typically,
processes for the manufacturing of syngas from hydrocarbon feedstock produce mixtures
of hydrogen, carbon dioxide, methane, and varying amounts of carbon monoxide. For the
majority of industrial processes, the carbon monoxide content is higher than that required
for synthesis. The presence of CO, is undesired in most processes and this compound
should be removed(Boerrigter & Rauch, 2006).

2.14  Synthesis Gas Application

Syngas basically refers to a mixture of two gases specifically hydrogenand Carbon
monoxide. Thesis gases are conventionally produced through gasification of fossil fuelsuch
as coal and cokemore so frombiomass feedstockin a corresponding manner.Based on the
general composition and the typical applications, two main types of gasification gas can be
distinguished, i.e. ‘biosyngas’ or simply syngas and ‘product gas’(Boerrigter & Rauch,
2006).

(a) Product gas

Product gas is produced from low temperature gasification (below 1000°C) and contains

CO, H,, CH4,C0O2,H,0,C4Hy in addition tars and other higher hydrocarbons (aromatics).

(b) Syngas
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Syngas is produced from high temperature (above 1200°C) or catalytic gasification. Under

these conditions the biomass is completely converted into H, and CO as the dominant

gases. Syngas can also be made from product gas by thermal cracking or catalytic

reforming. Typically syngas contain about 50% of the energy in the product gas, while the

remainder is contained in CH4and higher hydrocarbons.
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Steam Methanol DME \
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Power
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Ethylene Acid | Formaldehyde DME Acetate Polyolefin

2.14.1 Thermal energy

Figure 2.13: Application of Syngas

For heat production by direct firing of the gas there are in principle no technical

specifications for the main gas composition and the impurities (for corrosion reasons the

chloride content should not be too high, which for biomass is hardly ever an issue). The

product gas must be combustible, i.e. a lower heating value of >5 MJ/m?®. Limitations for
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the dust content of the gas may apply depending on the type of boiler and the burner.
Emission limits can be met with standard and commercially available flue gas cleaning.
Gasification gives the advantage of separating the noxious substances from the fuel gas
prior to combustion therefore alternatively product gas cleaning might be applied. The
choice of either approach will be made case-specific and in most cases based on economic

considerations(Boerrigter & Rauch, 2006).

2.14.2 Power generation

Syngas is a combustible gas and can be used for the production of electricity in all prime
movers from steam cycles, to gas engines, turbines (combined cycle), as well as fuel cells.
For this purpose, syngas must be free from dust, volatiles and condensable hydrocarbon
content. Pressure requirement is also an important criterion for power generation. Where
gasification under atmospheric pressure is considered, syngas compression can be applied

to achieve desired pressure.

2.14.3 Transportation fuels
In the future, syngas will become increasingly important for the production of ultra-clean
designer fuels from GTL processes, with the main examples being Fischer-Tropsch diesel

and methanol/DME.

2.14.4 Methanol production
Methanol can be produced by means of the catalytic reaction of carbon monoxide and
some carbon dioxide with hydrogen. The presence of a certain amount of carbon dioxide in

the percentage range is necessary to optimize the reaction. Both reactions are exothermic
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and proceed with volume contraction; a low temperature and high pressure consequently
favours them (Boerrigter & Rauch, 2006).
CO + 2H, - CH;0H (2.14)

CO, + 3H, - CH;0H + H,0 (2.15)

2.15 Gasification Safety Consideration

2.15.1 Gas toxic hazard

Carbon monoxide(CO) being a deadly poisonous gas constitutes a principal component of
product gas. Exposure of carbon monoxide causes hemoglobin saturation with severe
suffocation effect due to limited oxygen supplies to body tissues.CO exposureup to 20 -
30%blood saturation lead to manifestation of severe health conditions such as increase
pulse, headache, nausea and dizziness. Further exposure up to 40% blood saturationmay
lead to loss of consciousnessand possible failure of the respiratory system. Carbon dioxide
threshold limit value (TLV) is 50 ppm for 8 hours per day while exposure up to 400 ppm is
considered a short time exposure limit (STEL) in a work environment.Strenuous activity
involving poisoned victim poses more threat to health condition in thatabsorption of
carbon monoxideinto blood stream becomes faster inherently causing adverse effect to

become pronounced within shortest time(Reed and Das, 1988).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Materials and Equipment
List of materials and Equipmentsused in the present gasification experiment are provided

as follows:(See Appendix Bfor equipmentspecifications).

1. Portable infrared gas analyzer
2. Gas conditioning system

3. Digital thermometer

4. Air blower

5. Mass flow meter

6. Thermocouple probe

7. Air/oxygen cylinder

8. Silicone sealer

9. Matches sticks

3.2  Sawdust Characterization

Sawdust sample was collected in plastic bags from Sawmills at Timber Market (Kasuwan
Katako), Zaria inSabon Gari Local Government Area of Kaduna State, Nigeria. Prior to
characterization, the collected sample was sorted and spread in open air for about 2 weeks

to reduce significant amount of its initial moisture content.

Ultimate and proximate analysis procedure published by the American Society for Testing
and Material (ASTM) E870-82(2013)was used in characterization of the sawdust

sample.In this analysis moisture content (M), volatile matter (VM), ash content (A), sulfur
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(S) content and nitrogen (N) contentof the sawdust sample were determined.However,
correlation developed by Shen et al., (2010) was used to estimate percentage
compositionof hydrogen (H), oxygen (O) and carbon (C)in the sawdust sample using
proximate analysis data as input variables (see equation3.1 — 3.3).Moisture content was
determined using ASTM EB871-82designated for particulate wood analysis. In
thismethod,50 grams of sawdust sample was weighed and heated in an air oven at 103°C
for about 30 minutes. The sample was then removed from the ovenand weighed again after
cooling. To ensure complete drying of the sample, the process was repeated until the
sample weight remains unchanged. The difference in weight between the dry and the fresh
sample gives the moisture content. Feedstock sample further subjectedto higher
temperature of about 950°C drives off volatile content leaving behind the fixed carbon.
Table 3.1 provides summary of ASTM specification used in characterization of the

sawdust sample.

Table 3.1ASTM for Proximate and Ultimate Analysis

Proximate Analysis

Moisture content E871 — 82.

Volatile Matter E 872 — 82.

Ash E1755 - 01.

Ultimate Analysis

Sulphur E 775 -87.

Nitrogen E 778 —87.

C = 0.635FC + 0.460VM + 0.095ASH (wt. %) (3.1)
H = 0.059FC + 0.060VM + 0.010ASH(wt. %) (3.2
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0 = 0.340FC 4+ 0.469VM + 0.023ASH(wt. %) (3.3)

3.3  Experimental Setup

The gasificationexperiment was conducted usinga pilot scale downdraft gasifier, designed
and fabricated at the National Research Institute for Chemical Technology (NARICT),
Zaria, Nigeria. Figures 3.1(a) and (b) depicts a schematic diagram of experimental setup
used consisting of nine separate parts:(1) Gasifier (reactor), (2) Cyclone, (3) Filter, (4) Tar
collector, (5) Flare, (6) Gas analyzer(7) Thermometer (8)and (9) Air/Oxygen Cylinder. See

Appendix Afor detail description of the experimental setup.

Digital
Thermometer
Sawdust
Online Gas |
Analyzer
— y
Air Flow
meter >

Syngas
Flare

\| / Cyclone
Centrifugal | >
Fan >
— Ash/Char

Gasifier Filter Tar
collector

Figure 3.1 (a):Experimental Setupfor Air Gasification
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Figure 3.1 (b):Experimental Setup for Oxygen Enriched Air Gasification

3.4  Experimental Measurement

After successful startup procedure, the reactor was allowed to run for about 5minutes to
attend auto-ignition conditionso as to sustain the thermal process.Aflow meter positioned
ahead of the blower monitorsthe rates at which air flows while a ball valve positioned
between them controls the flow rate by way of manual setting. Reactor temperature was
measured using K — typethermocouple with readings displayed on digital screen.A
thermocouple sensor inserted through an aperture on the reactor outer shellextends to reach
theoxidation zone.Typically axial and radial temperature distributions are trends
observedin gasifiers reactors however within the context of the current study only the
oxidation zones was prioritized. The oxidation zone is located exactly at the constriction or

throat of the gasifier where the maximum operating temperature is expected.
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Gas composition in percentage volume baseswas determined using online digital gas
analyzer after removal of particulate matter and the tarry component of the product
gas.Additional gas washing unit with three treatment integrated parts was used to double
check gas quality. In thisway the analyzer sensor is carefully protected to
effectivelyavoidpotential damage by trace of contaminant in the product gas. The
compositions of the gases; CO, H,, CO, and CH,4 were recorded by direct reading from the

display screen in addition to the calorific value of the combine gases.

Flow rates of air at 6.4, 1.9 and 0.7LPM were used separatelyto investigate the effect of
equivalent ratio (ER) on composition of product gas and gasification temperature while

moisture contentof sawdust constant was kept constant.

3.5  Gasification Performance Evaluation

The overall performance of gasification experimentcarried out in a downdraft gasifierwas
evaluated based on the lower heating value (LHV) of producer gas,cold gas efficiency
(CGE) and carbon conversion efficiency (CCE) of the conversion process (see equation 3.4
— 3.7). These parameters significantly depend on properties of the feedstock determined by

the proximate analysis (Zainal et al., 2002; Jayah et al., 2003).

LHVg,s = 107.98H, + 126.36C0 + 358.18CH,(3.4)

[LHVgas] x Vg

CGE = ————
[LHVfuel]

x 100% (3.5)

12(CO, + CO + CH,) x V,
CCE = (CO, 4) g
224 xC

(3.6)
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(3.7)

where C is the mass fraction of carbon in fuel feedstock and Vg is the amount of product
gas (Nm®Kkg) at standard state.Where Q,is the amount of gasifyingagent supplied in (m®)
per the amount of sawdust feedstock in (kg). Ratio of nitrogen in oxidizing medium
(N,,)to nitrogen trace in producer gas (N,,)was used as the producer gas quantitative

indicator.

3.6 ThermodynamicEquilibrium Model

In this research,thermodynamic equilibrium model developed by Jarungthammachote and
Dutta, (2007) was used to predict product gas composition, gasification temperature and
equivalence ratio by way of specifying the feedstock properties and selected input
variables. The model takes into consideration basic phenomena that occur during
gasification process notably mass transfer and energy transfer. The following equations
describe each of the principle in addition to the concept of chemical equilibrium.

1. The global gasification equation:

CH,OyN, + wH,0 + m(0, + 3.76N;)
Z
- X1H, + X2CO + X3C0, + X4H,0 + X5CH, + (E +3.76m) N, (3.8)
Where X, y, and z represents the number of atoms of hydrogen, oxygen, and nitrogen per
number of atom of carbon in the feedstock respectively.Similarly, w and m represents the

amount of moisture and oxygen per kmol of feedstock respectively. Furthermore X1 —

X5 represents the moles fraction of respective adjacent chemical species.
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MbioMc

~ 18(1 — Mc) (39)

m

Where,Mc is the moisture contentof feedstock and Mbio is the molecular weight of

feedstock.

2. Mass balance equations:
Atomic balance given by in Equation (3.8) is used to find the amount of each product

gas.
Carbon balance:
X2+X3+X5—-1=0 (3.10)
Hydrogen balance:
X1+2X4+4X5—x—2w =0 (3.11)
Oxygen balance:
X2 +2X34+X4—w—-2m—y =0 (3.12)

3. Thermodynamic equilibrium:
All gases were assumed to be ideal and all reactions form at pressure 1
atm.Equilibrium constant (K) forhydrogenationreaction and water —gas-shift
reactionsdiscussed in chapter two(Equations 2.10and 2.11) are given by equation
(3.13) and (3.14) respectively:

X3X1

= 3.13
1 X2X4 ( )
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<y — X5 (Xtotal)

T3 (3.14)
4. Gibbs free energy equation:
InK = AGy 3.15
nK=— (3.15)
AGS = Z vidgdr; (3.16)
i
Ag®. = h® — aTIn(T) — bT? — (5) T3 — (ﬂ) T + (i) +f+gT (3.17)
T — ot 2 3 2T '
5. Energy balance
D b= ) Xichg,
j i
+ Ah9)) (3.18)
Ahr;
T
- j C,(T)dT (3.19)
298
Cp = C1+ C2T + C3T? + C4T3 (3.20)
hf,j = LHV + Z thf,k (321)
K
LHV = 4.187(81C + 300H — 26(0 — S) — 6(9H + m) (3.22)

3.6.1 Model assumptions

The following assumptions were considered in the model formulation for simplicity:
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3.6.2

All gaseous products are assumed to be ideal gases.

All carbon content in biomass is converted into gaseous form and the residence
timeis high enough to achieve thermodynamic equilibrium.

Amount of condensable hydrocarbon (tar) produce is considered negligible.

Ash content in feedstock was assumed inert and therefore fusion effect at high
temperature is considered negligible.

The process is assumed auto-thermal and completely adiabatic so that no external

heating is required and no heat losses occur.

MATLABSimulation Algorithm

The followingoutline gives summary description of MATLAB simulation algorithm used in

predictinggasification temperature, producer gas composition and its lower heating

value.See Appendix Cfor detailed MATLAB coding.

=

Inputting elemental composition, moisture and ash contents of the sawdust sample.
Selection of reasonable initial guess values for temperature (500°C), amount of
oxygen (21%) and water vapor (5.8%) per the amount of feedstock.

Computing the value of equilibrium constants, K; and K, using equation (3.8) -
(3.10).

Computing the moles of each species in producer gases (X;) using five non-linear
equations: (3.3) — (3.7).

Computing a new value of temperature (T) using equation (3.11) — (3.15).
Computing absolute tolerance and checking convergence criteria.

If convergence is not attained, iterate step 2 -5 until result converges.
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22 - LHV=4.187# (81*C+300%H-26% (0-5) 6% (9*H+MC) ) ;& kI kg
23 - LHV mol=LHV* (Mm £s); % (kJ/kmol) -

model_enthalpy_.. *| model_eqn.m X‘[mod’e"_ma\'n‘m ><] ModelGibbs.m £
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Figure 3.2: Snapshot of MATLAB Window

3.7 Root Mean Square Error

Root mean square error (RMSE) given by equation (3.23) was used to measure the
difference between experimental results and its equivalent predicted by the thermodynamic
equilibrium model. Hyndman et al, (2006) stated that RMSE serves to aggregate the
magnitudes of the errors in predictions for various times into a single measure of predictive

power and therefore a good measure of accuracy.

RMSE

_ Z%\I(EXPiN— Mod;)? (3.23)

Where: Exp; is the experimental value, Mod; is the model predicted value and N is the

number of corresponding data points.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1  Proximate Analysis Result

From proximate analysis of the sawdust sample presented in Table 4.1, it can be seen that
fixed carbon content, volatile matter and ash content were found be 14.94, 71.2 and 8.06%
respectively. Similar result was reported by Jigisha et al., (2004)as 25.00, 72.40 and 2.60%
respectively. Kong et al., (2013) in their work observed that FC, VM and M significantly
affect the HHVof biomass sample. They demonstratedthat HHV improves from 15.86 —

29.49MJ/kg by pyrolysis at 773K which reduces the VC and MC of the sample used.

Table 4.1: Proximate Analysis of Sawdust Feedstock

Content Percentage (%0)
Moisture Content 5.80
Volatile Matter 71.20
Fixed Carbon 14.94
Ash 8.06
Total 100.00

4.1.2 Ultimate analysis result

Ultimate analysis determines elemental composition of dry fuel on weight percentage
basis. Typically hydrogen, oxygen, carbon, nitrogen, sulfur and ash contentsare
determined.Table 4.2 presentsthe ultimate analysis results of the sawdust feedstocksample.
It can be seen that carbon contentof 45.92% indicates significant level typically observed

in woody feedstock. Hydrogen and oxygen content of approximately 5.58% and 40.17%
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respectively show similar trend as reported byFeigiang et al.,(2014). Low sulfur and
nitrogen contents approximately 0.18 and 0.09 respectively is also similar to values
reported in the literature for woody raw material, so this indicates added advantage in
terms of product gas quality because low NOx and SOyemission is expected compared to

fossil feedstock where emission may be significantly higher.

Table 4.2: Ultimate Analysis of Sawdust Feedstock

Content Percentage (%0)
Carbon 45.92
Hydrogen 5.58
Nitrogen 0.18
Sulfur 0.09
Oxygen 40.17
Total 91.94

4.2 Gasification UsingAir Medium

4.2.1 Effect ofair flow rate on equivalence ratio and temperature

Table 4.3 presents the effect of air flow rate on equivalence ratio and reaction zone
temperature. Using pure air as gasifying agent, three flow rates;6.4, 1.9 and 0.7LPM were
selected representing ER values of 0.0972, 0.0289 and 0.0106, respectively.It can be
observed clearly that decrease in air flow ratecorrespondsto decrease in ER values.In a
similar way, reaction zone average temperature decreases from 583.82 to 274.10°C as ER
decreases from 0.0972 to 0.0106. This implies that more oxygen is supplied into the
reactor at higher flow rate which in turn supports the combustion reaction resulting to

higher temperature.According to Knoef, (2005) exit-gas temperature of downdraft gasifier
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is in the neighborhood of 700°C whereas peak temperatureat reaction zone (throat) rises up
t01000°C.Experimental data alsoreported on Table 4.3shows peak temperaturevalue falls
between gas-exit and reaction zone temperatures for downdraft gasifier implying that

gasification temperature was achieved.

Table 4.3: Effect of Air Flow Rate on Equivalence Ratio and Reaction Zone Temperature

Air Flow Rate Equilibrium Ratio (ER)  Average Temperature Peak Temperature
(LPM) Q) (¢C)
6.4 0.0972 583.82 809.4
1.9 0.0289 468.63 616.0
0.7 0.0106 274.10 507.1

Reaction zone temperature profile at 6.4, 1.9 and 0.7LPM air flow rates selected for the
experiment is presented in Figure 4.1. Observed trend shows that temperature initially rises
to a certain peak at around 10 minutes then slightly falls subsequently to nearly steady state
condition at about 30 minutes.It can be seen that higher flow rate result to corresponding
higher temperature at the reaction zone. This factor-effect response closely similarto trend
observed in Figure 4.1, can be ascribe to the amount of oxygen reaching the reaction zone
at different air flow rate which is sole responsible for supporting the combustion reaction

accompanied by release of heat energy and temperature rise.
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Figure 4.1: Reaction Zone Temperature Profile at Different Air Flow Rates

4.2.2 Effect of air flow rates on product gas composition

Figures 4.2 — 4.4present the effects of air flow rate on product gascomposition. It was
observed that with each of the selected air flow rate, producer gas percentage
compositionincrease initially with residence time whereasresidual oxygen composition in
producergas decreases. This trendindicatestheoccurrence of oxidation reactionswhich
consumes the supplied oxygen in theformation of CO and COzas illustrated by equation
(2.4) — (2.6). Similarly CH, and Hjpercentage compositionsare seen to rise gradually
indicating the occurrence of methane reformation and gas-shift reactions described by
equation (2.7) and (2.8) respectively. Compositions of CO and H; in product gas recorded
highest levels of 13.55% and 2.59%, respectively at6.4 LPM air flow rate as shown in
Figure 4.2. With increase in residence time however drastic fall in COpercentage
composition was observed while CO,and Hgrise slightly. This trend describes water-gas

shift reaction as illustrated by equation (2.11) which favors the forming of H, and CO, at
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the expense of moisturepresent in the sawdust and CO in the producer gas.Similar trend of
product gas composition was observed at lower air flow rates of 1.9 and 0.7 LPMas
presented in Figures 4.3 and Figure 4.4 respectively.Decreasingair flow rate from 6.4 —
1.9LPM led toa significant rise in CO,peak concentration from 3.45 - 6.16%. However,
reductionin CO, H,and CH, peak concentrationswas observed. Methane concentration
generally kept a low concentrationprofile throughout the entire experiment.Gujaret al.,
(2014); Lahijani et al., (2013) and Fiseha et al., (2014) observed similar trend in their
works,which was attributed to the fact thathigher oxygen flow rates tend tofacilitate

combustion reaction responsible for the release of enormous heat.
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Figure 4.2: Composition Profile of Product Gas at 6.4LPM Air Flow
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Figure 4.3:Product Gas Composition Profile at 1.9LPM Air Flow
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Figure 4.4: Product Gas Composition Profile at 0.7LMP Air Flow

4.3  Gasification Using Oxygen Enriched Air
4.3.1 Effect of oxygen enrichment on equivalence ratio and temperature
Experimental data reported in Table 4.4 shows that increase in percentage oxygen from

21to 80% led to significant increase in ER from 0.1520 to 0.6226 while average
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temperature of reduction zone vary from 381.17°C to 706.4°C. Peak temperatures recorded
ranged from 660.9 — 1059°C which matches closely with gasification temperature range
(500°C — 1300°C) reported in the literature(Basu, 2010). This is sufficient to facilitate tar
cracking in addition to endothermic reactions responsible for the formation of energy
carrier product gases. It can be inferred that variation in ER has a direct dependency on
percentage oxygen in gasification medium. Principally, increase in ER enhances
combustion reactions which in turn release enormous thermal energysufficient to sustain

the process and further raisedthe operating temperatures.

Table 4.4:Effect of Oxygen Enrichment on Equivalence Ratio and Reaction Zone

Temperature
Oxygen Equivalence Ratio Average Peak Temperature
(%0) (ER) Temperature (°C) (°C)
21 0.1520 381.17 660.9
30 0.2187 448.35 603.2
40 0.2953 454.33 521.7
50 0.3741 564.64 860.7
60 0.4550 651.08 778.5
80 0.6226 706.48 1059

The relevance of temperature in gasification cannot be overemphasized as it dictates key
process conditions. At temperature of around 100°C drying takes place thereby driving off
moisture content available in the feedstock material. Pyrolysis follows thereafter at around
200°C where volatile compounds are formed including char, product gases and non-
condensable mixture of hydrocarbon also known as tar. Further rise in temperature to
about 500°C by increasing supply of oxidizing medium leads to cracking of tar to valuable

product gases.

61



4.3.2 Effect of oxygen enrichment on gasification performance parameter

Table 4.5 shows gasification performance parameter evaluated at different percentage
oxygen in gasification medium. The Lower Heating Value (LHV), Cold Gas Efficiency
(CGE) and Carbon Conversion Efficiency (CCE) were computed using equations(3.4),
(3.5) and (3.6),respectively.

Table 4.5:Effect of Oxygen Enrichment on Gasification Performance Parameters

Oxygen LHV CGE CCE
(%) (MI/Nm®) (%) (%)
21 2.08 8.65 19.10
30 4.24 22.19 48.17
40 6.69 46.81 82.04
50 5.06 25.24 50.34
80 6.50 21.96 45.74

It can be seeninTable 4.5, LHV increases consistently at first from 2.08 — 6.69MJ/Nm® as
percentage oxygen in air rises from 21-40%.Further increase ofpercentage oxygen in air
from 40-80%resulted to a rise after fall trend which is attributed to percentage composition
of combustible gases (CO, H, and CHj,) in the producer gas. It can be seen that seen that
the maximum LHV value of 6.69MJ/Nm? achieved at 40% oxygen in air corresponds to
ER value of 0.2953 reported in Table 4.2, which agreeswell with typicalER value range
(0.2 - 0.4) for gasification(Dogru et al., 2002). Similar trend was observed by (Feigiang et
al., 2014) where product gasattained LHV peak value of about 5.4MJ/Nm?® at ER value
between0.25 — 0.27.CGE expressed by Equation (3.5)is the ratio of energy in producergas
per kg of biomass to the LHV of the biomass feed used as fuel. CGE depends onthe
calorific value and the amount of producer gas released at constant LHV of biomass(Sheth

and Babu, 2009). ConsideringTable4.4 and 4.5together it can be seen that CGErises
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continuously from lowest value of 8.65% at 0.152 ER to amaximum value of 46.81% at
0.2953 ER.CGE declines by about 53% with further increase in ER to a maximum value of
0.6225.

CCE expressed by Equation (3.6)is defined as the ratio of carbon converted into product
gas to the carbon content of fuel feedstock.Reexamining Table 4.4 and 4.5it can be seen
that CCE follow similarly trend as CGE with a maximum value of 82.04% attained at same
0.2953 ER value.Considering theoverall gasification performance evaluation it can deduce

that the optimum operating condition was achieved at 0.2953 ER.

4.3.3 Effect of oxygen enrichment on product gas composition

The amount of oxygen in gasification medium profoundly affects product gas percentage
distribution.Figures 4.5, 4.6 and 4.7depict product gas composition profiles for 30, 40 and
50% oxygen enrichment respectively. It can be noticed that formationof CO and CO,
dominates over formation of H, and CH, as O,get depleted progressively. This is evident
because the initial combustion reactionsexpressed by Equations (2.4) — (2.6)requireoxygen
to convert the carbon in feedstock to CO and CO,. At certain point however percentage
composition of CO reaches a maximumbeyond which it began to fall while CO, rises
higher.This can be ascribed to the slightendothermic water-gas-shift reaction given by
Equation (2.11) which favors formation of CO at the expense of CO,. Moreover CH,
percentage composition remainsrelatively the lowest because its formation given by
Equations (2.7) and (2.10) requires H, which is also relatively low. Similarly the formation
of Hjyexpressed by Equation (2.8) and (2.11) requires steam solely derived from the
moisture content of the feedstock which is also found to be low around 5.8%.

Generallyfrom the experiment results shown here, it can be notice that product gas
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concentration reaches stability roughly around 20 minutes. However peak points for
desired syngas (CO and H;) wereachievedearlier approximately in the neighborhood of 15
minutes from start time. For examplegasification using 30% oxygen enrichment recorded
peak point at 15 minutes with 18.02% CO and 4.46% H,. Similar trend was observed with
50% oxygen enrichment where peak values were recorded at 12 minutes corresponding to
17.29%CO and 6.08% H,.The overall best product gas profile was observed at 40%
oxygen enrichment where CO continue to increase up to 20 minutes and reaches peak

valueof 29.57% while H, reaches 14.29%.
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Figure 4.5:Product Gas Composition Profile for 30% Oxygen Enrichment
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4.3.4 Effect of oxygen enrichment on H,/CO and CO/COgratio

Ratio of hydrogen and carbon monoxide in the gasification product gasis a critical
parameter in various applications of syngas such as production of gasoline, methanol and
methane. In each case,the desired product determines the appropriate H,/COratio required

(Basu, 2010).
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Figure 4.8: Effect of Oxygen Enrichment on H,/CO and CO/CO;Ratio

Experimental data presented in Figure 4.8shows the effect of oxygen enrichment on H,/CO
and CO/CO; ratio. It is observed that increase in percentage oxygen in gasification
medium (air/oxygen) result to corresponding increase in H,/CO ratio and decrease in
CO/CO,.However slight change of course manifested at50% oxygenenrichment
corresponding to 564.64 °C temperature conditionbeyond which decrease in H,/CO ratio
was observed. Moreover low values of H,/CO ratio appreciably less than 1

indicatedominance of CO over H,.
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Generally, theproportion of each component inproduct gas can be attributed to kinetics of
reactions taking place at different condition. For example reversible water-gas-shift
reactiongiven by Equation (2.11) allows the formation of H; at the expense of COwhich is
favoured at low temperature because of its exothermic nature. At higher temperature
however steam gasification reaction and boudouard reaction given by Equation (2.8) and
(2.9) respectively dominatesand thusfavoursthe formation of more CO over H,.These
conflicting scenariosexplain the initial rise and subsequent fall in H,/CO ratio. Consistent
decrease of CO/CO, ratio indicates increasing dominance of total oxidation reactions
expressed by Equation (2.4) — (2.6)which are primarily responsible for the formation CO,
with accompanying release of enormous energy as seen by consistent rise in

temperatureshown in Figure 4.8.

4.4  Model Validation

4.4.1 Model validation with literature data

Table 4.4 presents experimental data from three published works compared with model
result used in this study. Input variables, precisely temperature and moisture content were
preset to 800°C and 5.8% respectively. From the data comparison, it can be noted thatthe
model result generally matches with reported work. However error valuescomputed using
root mean square (RMSE) formula expressed by Equation (2.23) revealedmodel result fit
more closely with experimental work by Wei et al., (2011) and Jayah et al. (2003)than
with Son et al., (2011) and values obtained were 1.27, 1.59 and 3.79 for the three
respective experimental works. Data points considered for RMSEcomputation were only

the values of four primary constituent of product gas, namely H,, CO, CO, and CHa.
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Table 4.6:Data Comparison of the Present Model and other Experimental Works

Parameter Present Model Jayah et al,. Wei et al.,(2011) Sonetal.,(2011)
(2003)

H, (%) 18.49 17 19.19 16.50

CO (%) 20.23 18.40 19.19 15.90

CO; (%) 9.49 10.6 11.58 15.30

CH,4 (%) 3.14 1.3 241 2.10
T(°C) 800 800 800 800

ER 0.39 0.33 0.293 0.350

Further comparison of present model with model results of other authors as presented in
Table 4.6which shows similar general trend. Howeverabsolute percentage errorabout
24.3% wasobserved to be more pronounced with H, concentration when comparing
present model with value reported by Barman et al. (2012). In addition for same H;
concentration, absolute percentage error drops down to about 2.5% when comparing

present model with predicted value by Jarungthammachote and Dutta (2007).

Table 4.7:Data Comparison of the Present Model withother Model Works

Parameter  Present Model Barman et Jarungthammachote  Mendiburu et al.

al.(2012) and Dutta (2007) (2014)
Hz (%) 18.49 14 18.03 21.73
CO (%) 20.23 19.95 18.51 23.49
CO; (%) 9.49 10.36 11.47 10.65
CHa (%) 3.14 0.31 0.11 0.00
T (°C) 800 800 800 886.36
ER 0.39 0.39 0.39 0.293
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4.4.2 Model validation with present experimental data

Figures 4.9 - 4.14 illustrate comparison ofsimulation and experimental data obtained
bothin this study. Model input variable were defined to match experimental operation
condition in similar way as previous validation. Specifically temperature was set at 381.17,
448.35, 454.33, 564.64, 651.08 and 706.48°C corresponding tooxygen level in gasifying
agent at 21, 30, 40, 50, 60 and 80% respectively.Ultimate analysis data for sawdust sample
used in present experimental researchwas equally employed as input parameter in the
model. Finally, moisture content was preset to 30% for the model as opposed to 5.8%
actual value in experimental feedstock.This overrated value itself subjects the model to
measurement error.However it was considered a fairlyreasonable optionin controlling

equivalence ratio to match with experimental value.

Temperature: 381.17°C
Oxygen level: 21% (0.1597ER)
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B Experiment 2.88 9.53 9.77 1.86

Figure 4.9: Model and Experimental Results at 381.17°C
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Temperature: 448.35°C
Oxygen level: 30% (0.2267ER)
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Figure 4.10: Model and Experimental Results at 448.35°C
Temperature: 454.33 C
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Figure 4.11: Model and Experimental Results at 454.33°C
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Temperature: 564.64°C
Oxygen level: 50% (0.3642ER)
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Figure 4.12: Model and Experimental Results at 564.64°C
Temperature: 651.08°C
Oxygen level: 60% (0.460 ER)
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Figure 4.13: Model and Experimental Results at 651.08°C
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Temperature: 706.48°C

Oxygen level: 80% (0.612ER)
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Figure 4.14: Model and Experimental Results at 706.48°C
It was found that predicted CO concentration in product gas of value8.05% best fit
experimental value of 9.53%at the lowest preset temperature of 381.17°C as shown in
Figure 4.11. Similarly at same preset temperature CH, best fit were 1.2 and 1.86%
respectively.Model predicted value of H, on the other hand wasobserved to best fit
experimental data at preset temperature 651.08°C with recordedvalue of 22.43 and 18.62%
respectively as shown in Figure 4.15. Similarly at same preset temperature CO, best fit

were 35.16 and 35.84% for model and experimental values respectively.

RMSE value of model and experimental data comparison for the six presentedresults were
found to be 5.67, 6.63, 3.51, 5.13, 10.80 and 9.35% corresponding to 21, 30, 40, 50, 60 and
80% percentage oxygen in gasifying agent. Consequently model comparison at 40%
oxygenlevel in gasifying agent and 454.33°C average gasification temperature shown in
Figure 4.13 represents the overall best data fitting point identified with the lowest RMSE

value of 3.51.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

51  Conclusions

Inthis research work, experimental study was carried out to investigate the effect of various
gasification operating parameterson quality of syngas produced in a downdraft gasifier
using sawdust feedstock.Air and oxygen enriched air were used separately as gasification
medium with varying equivalence ratios to determine their respective effect on reduction
zone temperature, product gas percentage composition and heating value. Gasification
performance was determined using Cold Gas Efficiency (CGE) and Carbon Conversion
Efficiency (CCE),which are indicators evaluated at different operating condition. Within

the range of parameters examined in this work, the following conclusions were drawn.

1. Levels of CO and H; in product gas recorded peak value of 13.55 and 2.59%
respectively using air as gasification medium at flow rate of 6.4 LPM.Decreasing
the flow rate to 1.9 LPM however led to corresponding drop in CO and Hzlevels to
5.18 and 0.82%, respectively

2. Increasing percentage oxygen in gasifying medium from 21 — 80% led to a
significant increase in Equivalence Ratio (ER) from 0.152 — 0.622.Similarly
average temperature of reduction zone rise from 381.17 - 706.4°C.

3. The overall best product gas profile using oxygen enriched gasifying medium was
observed at 40% oxygen enrichment where CO continue to increase up to 20

minutes and reaches peak value of 29.57% while H, reaches 14.29%.
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4. Lower Heating Value (LHV) of product gas rises consistently from 2.08 —
6.69MJ/Nm? as percentage oxygen in gasifying medium rises from 21-40%.

5. Cold Gas Efficiency (CGE) rises continuously from lowest value of 8.65% at
0.152 ER to a maximum value of 46.81% at 0.295 ER. The CGE was observed to
decline by about 53% with further increase in ER value of 0.6225.

6. Carbon Conversion Efficiency (CCE) followed similarly trend as CGE with a
maximum value of 82.04% attained at same 0.2953 ER. Thus considering overall
gasification performance evaluation it can deduce that the optimum operating
condition was achieved atERknee pointstated above beyond which performance
falls continuously.

7. Model validation with experimental data obtained in this research revealed that CO
predicted value of 8.05% best fit experimental value of 9.53% at the lowest preset
temperature of 381.17°C.

8. Root Mean Square (RMSE) value of model and experimental data comparison at
six preset temperatures were found to be 5.67, 6.63, 3.51, 5.13, 10.80 and 9.35%.
Consequently model comparison with lowest RMSE value (3.51%) is considered
the overall best data fitting point which is obtained at a preset temperature of

454.33°C.

52  Recommendations
The following recommendations were made base on the present research work carried out:
1. In thisresearchwork only onepoint temperature probe was employed and therefore
inadequate to monitor temperatures at other points of interest at the same time. In

addition inconsistent temperature profile was identified as a major challenge. It is
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therefore recommended that additional temperature probe should be considered in
further research.

. The feeder system of gasifier used in this work operates in batch mode and
therefore imposes constraint to continuous operation. Moreover the rotating grate
system intended todischarge ash and to allowcontinual flow of fresh feedstock
down the reactor end up not working properly by a way of scooping out the entire
combustion zone. It is therefore recommended that a continuous feeder system
reactor be design and constructed insubsequent research work.

Lack of lagging around the gasifier contributes enormously to heat loses to the
environment principallyby convection and radiation. It is therefore recommended
that appropriate lagging material be selected and applied according to design
principle to improve stability of operating temperature.

Current gasifier used in this work operates under positive pressure displacement
and therefore prone to active leakages. For safety reasons and accuracy of findings,
it is therefore recommended that negative pressure displacement should be
considered in future research.

Experimental investigation conducted using compressed air/oxygen mixture
experiences significant pressure buildup inside the gasifier and hence subjects the
system to potentialexplosion. It is therefore recommended that appropriate design
principle be appliedindeveloping new gasifier with clear specification for ranges of

operating condition.
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APPENDIX A

Detail Description of Experimental Setup

The reactor geometry consist of double coaxial cylindrical shells with inner diameter of
30cm and height of 72cm. Carbon steel of 1mm thickness was used as construction
material for both internal and external shells of the reactor while galvanized pipe of 1.5
inch (3.81cm) internal diameter connects all the system units together for continuous flow

of producer gas.

Fresh feedstock was fed manually through the upper section of the gasifier for every batch
operation. An agitator shaft mounted on a suspended grate below the inner shell extended
to pass through a small opening on a mild steel circular lid which aids to reduce bridging
during feeding process. In a similar manner it serves as a means by which reduced fuel in

form of ash and char can be dislodged from the grate.

Air blower mounted at the inlet end of the air nozzle with maximum speed rating of 360
rpm supplies air into the reactor in two stages. At first air reaches a manifold like chamber
that goes round the inner reactor shell. At second stage air flows directly across the
biomass through perforations around the circumference of the manifold with nearly

uniform distribution.

In principle gasification process occur sequentially in four distinct reaction zones notably;
drying, pyrolysis, oxidation and reduction. However, in practice, these zones are not
completely distinct from one another rather forms overlap. Drying takes place at the
uppermost part of the reactor where moisture and volatile component of the biomass are

driven off. Pyrolysis zone lies immediately below where tarry gases and charcoal are

83



produced. The tarry gases then pass downward through the combustion zone where
oxidation reactions occur with enormous release of heat available to sustain pyrolysis and
drying processes. Cracking of tar occurs during the passage of gases through the high
temperature oxidation also refer to as combustion zone. The gas stream flows to the
reduction zone at the bottom of the grate where the unconverted carbon reduces to produce
more combustible gases by a number of endothermic reactions. Product gas finally leaves

the reactor from the bottom through a narrow constriction of diameter 12.50cm.

Gasification Experiment Procedure

Initially a quantity of feedstock sample approximately 8.627kg was charged, filling upthe
inner shell of the gasifier to its volumetric capacity of 0.0451m°. A metallic rod used in
thrusting feedstock was then mounted onand passed through an aperture on a circular mild
steel lid to properly close the reactor shell. The aperture was also used as pressure relieve
vent in case of excessive pressure buildup.All possible leakages around the reactor were
properly sealed up to avoid loss of product gases using a 100% silicone material tagged

‘gasket maker’ which has the capacity to withstand temperatures up to 260°C (500°F).

To start ignition firstly an air blowerwas mounted in negative pressure orientation to drive
out air inside the reactor while allowing fresh air to flow into the reactor through the
ignition port. In this way the biomass feedstock was ignited and then allowed to attend
temperature up to 200°C so as to avoid quenching of the initiated combustion. The ignition
port was then closed tightly while the valve leading to the flare was left open. For
experiment using pure air as gasifying agent as illustrated in Figure 3.1(a), the air blower
orientation was then reversed to positive pressure while for experiment using air/oxygen as

gasifying agent as depicted in Figure 3.1(b), theair blower was completely replaced by two
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gas cylinders. The metallic rod stuck in the biomass was then moved intermittently in an
oscillatory manner to facilitate biomass progression downward. The rotating gratescoops

out some amount of char and ashestocreate slot for fresh feedstock.

Plate I: Experimental Setup
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Experimental Equipment

Table B1: Detailed List of Experimental Equipment

APPENDIX B

S/N  Name Model Manufacturer Specification
1. Portable NDIR Syngas GASBOARD-3100P WUHAN CUBIC CO: 0-75%
Analyzer CO,:0-40%
COLTD CH4:0-75% H,:
0-75% 02: 0-25%
CH,:0-10%
2. Gas - WUHAN CUBIC -
ConditioningSystem
COLTD
3. Digital Thermometer UNI-TREND UT321 UNI-TREND -200.0°C -
Group Limited +1372°C
4. Mass Flow Meter MF5706 SERIES SIARGO Limited 0-25LPM
5. Thermocouple probe K-Type OMEGA Nickel-Alumel
Engineering

Platell: Portable NDIR Syngas Analyzer
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Plate Il1: Gas conditioning System

Plate IV: Digital Thermometer
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Plate VV: Mass Flow Meter

Plate VI: Temperature Probe

Plate VII: Air Blower
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APPENDIX C
MATLAB Codes

Main File

% Thermodynamic equilibrium model Main File
clc
clear all

% Feed composition
C=45.92; H=5.576; 0=40.259; N=0.18; S=0.0904; Ash=8.06; MC=5.8/100;

% Computing normalize atomic coefficient of Hydrogen, Oxygen & Nitrogen
Numl=C/ (12) ;

Num2=H/ (1.008) ;

Num3=0/ (16) ;

Num4=N/ (14.007) ;

lambda=Num?2/Numl;

gamma=Num3/Numl ;

betta=Num4/Numl;

% Computing no. of moles of water vapor (dry basis)

Mm fs=12+lambda*1.008+gamma*l6+betta*14;
mw=Mm_fs*MC/ (18* (1-MC)) ;

% Compute low heating value (LHV) of feedstock

LHV=4.187* (81*C+300*H-26* (0O-S)-6* (9*H+MC) ) ;% kJ/kg

LHV mol=LHV* (Mm fs); % (kJ/kmol)

% Compute enthalpy of Feedstock in kJ/kmol

HF H20 v=-241.818; HF H20 1=-285.830; HF C02=-393.509; %kJ/mol
HF fuel=(lambda/2)*1e3*HF H20 v + le3*HF CO2 + LHV mol;

% Compute stoichiometric amount of air to fuel ratio required kg/ (kg dry
fuel)

02=0.21;

stoic=1.293/02*(1.866*C/100+5.55*H/100+0.7*S/100-0.7*0/100) ;

% Computed values of equilibrium constants

T 800+273.15; % Gasification Temperature in kelvin
specie=1:6;

[kl k2] = ModelGibbs (T) ;

% Solve equilibrium model equations

x0=[0.1 0.1 0.1 0.1 0.1 0.11;

% x0=input ('Enter initial guess >>'");
options=optimset ('display', 'iter', '"MaxFunEvals', 642);

x =

fsolve (@model eqgn,x0,options,mw,kl, k2, lambda, gamma,betta, HF H20 1,HF H20
v,HF fuel);

% disp(x);
% Compute percentage product gas composition
x(7) = betta/2+3.76*x(6);

prodsum = x(1)+x(2)+x(3)+x(5)+x(7);
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vol(l) = x(1)/prodsum;

vol(2) = x(2)/prodsum;

vol (3) = x(3)/prodsum;

vol (5) = x(5)/prodsum;

vol(7) = x(7)/prodsum;
vol=[vol(1l);vol(2);vol(3);vol(5);vol(7)];
disp(vol);

ER=x(6) ;

disp (ER) ;

Function File for Model Equation

function f =

model eqn(x,mw,kl, k2, lambda, gamma,betta, HF H20 1,HF H20 v,HF fuel)
%$Thermodynamic equilibrium model function file

%Variable definition

x1=x(1);

ss balance equations

=x2+x3+x5-1;

=x14+2*x4+4*x5-2*mw-lambda;

=x2+2*x3+x4-2*xg-mw—gamma ;

=kl1*x2*x4-x3*x1;

) =k2*x1"2-x5* (x1+x2+x3+x4+x5+ (betta/2)+3.76*xqg) ;

% Energy balance equation
1 = H2
2 = CO
3 = CO2

% 4 = H20
5
6
6

—_— — — 0

= CH4
= N2
800+273.15; % Gasification Temperature in kelvin
)=x1*model enthalpy change(T, 1)+
x2*model enthalpy change(T,2)+
x3*model enthalpy change (T, 3)+
x4*model enthalpy change(T,4)+
x5*model enthalpy change(T,5)+
(betta/2+xg*3.76) *model enthalpy change(T 6) -
HF fuel-mw*le3* (HF H20 1+HF H20 v);

T
£y

f=f(:);
end

M-File for Computing Enthalpy Change

function [delH] = model enthalpy change (T, product)

% This routine calculates the total enthalpy change of gasification...

% product gases (kJ/kq)
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o\

= H2

CcO

C02
H20

= CH4

= N2
other = 02

o\

o 0P o o°
oY U W DN
([

o

switch product

case 1
% M Wt=2.0;
HoF=0;
Cp=[29.11 -0.1916e-2 0.4003e-5 -0.8704e-91;
case 2
% M Wt=28.0101;
HoF=-110.53;
Cp=[28.16 0.1675e-2 0.5372e-5 -2.222e-9];
case 3
% M Wt=44.0095;
HoF=-393.51;
Cp=[22.26 5.98le-2 -3.501le-5 -7.469%9e-91];
case 4
% M Wt=18.0153;
HoF=-241.83;
Cp=[32.24 0.1923e-2 1.055e-5 -3.595e-9];
case 5
% M Wt=16.0425;
HoF=-74.87;
Cp=[19.89 5.204e-2 1.269%9e-5 -11.01e-9];
case 6
% M Wt=28.01348;
HoF=0;
Cp=[28.90 -0.1571e-2 0.8081le-5 -2.873e-9];
end

o)

% Analytical Integration

a=Cp(l); b=Cp(2); c=Cp(3); d=Cp(4);

delH=(1le3)*HoF + a*(T-298)+b/2* (T"2-298"2)+c/3*(T"3-298"3)+d/4* (T 4-
29874) ;

end

Function Filefor Computing Gibbs Energy

function [kl k2] = ModelGibbs (T)
This routine calculates the equilibrium constants of two rxns...
Methane formation rxn: C + H2 = CH4
Water-shift rxn: CO + H20 = CO2 + H2
= CO

o 0P o° oe

oe

1

2 = CO2
3 = H20
4 CH4
5 = H2
6
G
1

oe

oe

= C
[heat of formation (kJ/mol) and coefficients of gibbs free energy]
G = zeros(1l,6);

0., d° o° oe

e
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for i = 1:6
% product = specie(i);
switch i
case 1
G=[-110.5 5.619e-3 -1.190e-5 6.383e-9 -1.846e-12 -4.891e2 8.684e-

1 -6.131e-21;

case 2

G=[-393.5 -1.949e-2 3.122e-5 -2.448e-8 6.946e-12 -4.891e2 5.270
-1.207e-11;
case 3

G=[-241.8 -8.950e-3 -3.672e-6 5.209e-9 -1.478e-12 0.0 2.868 -
1.722e-2];
case 4

G=[-74.8 -4.620e-2 1.130e-5 1.319e-8 -6.647e-12 -4.891e2 1.411el
-2.234e-1];
otherwise

G=zeros (1,8);
end

delG(i) = Hfi - a*T*log(T) - b*T"2 -c/2*T"3 - d/3*T"4 + e/2/T + £ + g*T;

delta ws=delG(2)+delG(5)- delG(l)-delG(3);
delta meth=delG(4)-delG(6)- 2*delG(5);

R=8.314; % universal gas constant (kJ/kmol.K)
kl=exp (-delta ws/R/T);

k2=exp (-delta meth/R/T);

end
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