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Abstract 
 
Currently, there is a general concern about the effects of CO2 emissions on 
the atmosphere that are the major cause of the global warming phenomenon. 
This situation has necessitated a trend towards the reduction on the 
dependency on fossil fuels, a challenge facing the present generation. 
 
Biomass gasification is the thermal chemical conversion of biomass into a 
combustible gaseous product (producer gas) by the supply of a gasification 
agent which can be air, oxygen or steam. Biomass gasification has the 
potential of contributing to the growing energy needs of the world particularly 
as a renewable energy technology. The potential sustainable global supplies 
of biomass encompassing sustainable recoverable residues including crop 
residues, forest residues and biomass plantations is 293.3 EJ/year. 
 
This research, therefore, has investigated the performance of a fixed bed 
gasifier using various agricultural residues as the feedstock. The atmospheric 
gasifier was operated in downdraft mode. The agricultural residues 
considered in this research include groundnut shells, coffee husks, rice husks, 
bagasse and maize cobs. The proximate analyses to determine the physical 
characteristics of the agricultural residues such as the moisture content, ash 
content, bulk density and particle size were carried out. Also, the temperature 
variations in different regions of the gasifier were investigated. Gas 
composition was determined at different sampling intervals. Finally, the 
gasification parameters such as gas flow rate, gasification rate, turn down 
ratio; equivalence ratio and cold gas efficiency were calculated. 
 
The highest gasification rates were obtained in the ranges of 5.9 – 17.9 kg/hr 
while the average gas lower heating values were in the range of 3.2 – 
4.7MJ/Nm3. 
 



 

iii 
 

The analysis of the functional and operational performance was done for only 
downdraft mode of operation because of the non technical limitation of the 
flexible tube making the connection from downdraft to updraft mode of 
operation becoming rigid due to the effect of thermal stresses over the years 
and it has no replacement. 
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PREFACE 
 
This report is divided into five chapters. Chapter 1 gives an introduction to the 
report. It comprises the background where aspects of biomass and biomass 
gasification are introduced. The problem statement, objectives of the study, 
the scope, the summary of the study outputs are also included. 
 
Chapter 2 is a review of literature that is fundamental to achievement of the 
objectives of this research. It highlights the progress made with regard to fixed 
bed gasification and points out the gaps that were to be filled as a result of the 
study. 
 
Chapter 3 elaborates the methodology that was used in this study. In this 
chapter the experimental procedure and experimental set up are described. 
 
In Chapter 4, the results from the experimentation are presented in Chapter 4. 
Three general sets of experiments are carried out. The first set of experiments 
is done to ascertain the proximate analysis for the samples. The second set of 
experiments is done using the actual fixed bed gasifier rig to obtain 
parameters necessary in achieving the specific objectives of the study. The 
final set of experiments involved the determination of the producer gas 
composition using a gas chromatograph. This chapter also discusses the 
findings from the experiments and an analysis is done on these findings to 
determine the gasification parameters. Expressions available from literature 
are used to calculate the gasification parameters.  
 
Chapter 5 presents the recommendations and conclusions. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Background 
 
Biomass gasification has the potential of contributing to the growing energy 
needs of the world. Due to the general concern worldwide about the effects of 
CO2 emissions on the atmosphere that are the major cause of the global 
warming phenomenon, reducing on the dependency on fossil fuels is a 
necessary challenge facing this generation. The combustion of finite fossil fuel 
supplies almost 80% of the world primary energy which was approximately 11 
Gtoe by 2007 [Henrich et al., 2007].  
 

 
 
Figure 1: World Primary Energy Mix [Henrich et al, 2007] 
 
According to Chopra and Jain (2007), the gasification of biomass into useful 
fuel enhances its potential as a renewable energy resource. Renewable 
energy sources will play a vital role in achieving the goal of reducing CO2 into 
the atmosphere and biomass is of particular interest due to its availability in 
one form or another. In Uganda, biomass contributes 90% of the total energy 
consumed per year [Renewable Energy Policy for Uganda, 2007]. Various 
scenarios developed show that 90% of the world’s population is expected to 
reside in developing countries by 2050, therefore, biomass is likely to remain 
a substantial energy feedstock provided that it is grown on a sustainable basis 
[Kucuk and Demirbas, 1997], [Sims, 2003]. In developing countries, biomass 
is the predominant form of energy and accounts for 38% of their primary 
energy consumption and in rural areas 90% of their total energy supplies.  
 
The attractiveness of biomass as a resource in biomass gasification stems 
from its potential to bring the environmental advantages of renewable energy 
sources in alleviating several environmental concerns [Bain and Overend, 
1998]. It also is the only renewable carbon resource making it a suitable 
replacement for the finite fossil resources. Biomass fuels contain negligible 
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amount of sulphur, so that their contribution to acid rain is minimal [Susta et 
al.,   2003]. 
 
Biomass is a natural substance available, which stores solar energy by the 
process of photosynthesis in the presence of sunlight. Its morphology and 
physical characteristics make biomass a very versatile feedstock whose 
chemistry is very complex. Due to this complexity, the use of biomass fuels in 
gasifier reactors is quite difficult unless the biomass is given some form of 
pre-treatment. Due to the non homogeneity of most of the biomass resources, 
their thermal characteristics in gasification units at constant rates are difficult 
to achieve. Also, the high oxygen and moisture content results in a low gas 
heating value [Ciferno and Marano, 2002].  
 
Biomass resources include forestry residues, energy crops, manufacturing 
wood wastes, bagasse from sugarcane processing, grasses, livestock 
residues from cattle, pigs, poultry, etc and food processing residues. Each 
type of biomass has its own specific properties which determine its 
performance as a fuel in a gasifier reactor. Some of these important 
properties considered for gasification are moisture content, ash content and 
ash composition, elemental composition, heating value, bulk density and 
morphology, volatile matter content, and fuel related contaminants such as 
sodium, sulphur, chlorine, alkalis, heavy metals, etc [Knoef et a., 2005].  
 
Table 1: Potential Sustainable Global Supplies of Biomass for Energy 
(exajoules/year) [Hislop and Hall, 1996] 
 
 Sustainable Recoverable Residues  
 Crop Forest Total  

Biomass 
plantations  

Grand  
Totals  

Industrialized       
US/Canada  1.7  3.8  5.5  34.8  40.3  
Europe  1.3  2.0  3.3  11.4  14.7  
Japan  0.1  0.2  0.3  0.9  1.2  
Australia + NZ  0.3  0.2  0.5  17.9  18.4  
Former USSR  0.9  2.0  2.9  46.5  49.4  
Subtotals  4.3  8.1  12.5  111.5  124.0  
Developing       
Latin America  2.4  1.2  3.6  51.4  55.0  
Africa  0.7  1.2  1.9  52.9  54.8  
China  1.9  0.9  2.8  16.3  19.1  
Other Asia  3.2  2.2  5.4  33.4  38.8  
Oceania  -  -  -  1.4  1.4  
Subtotals  8.2  5.5  13.7  155.4  169.1  
World  12.5  13.6  26.2  266.9  293.3  
 
 
Biomass as an energy resource has tremendous potential particularly in 
developing countries where the sustainable global supplies for biomass are 
highest [Hislop and Hall, 1996] as shown in Table 1. This implies that 
technological development is needed to be able to match the current resource 
availability to the demand that the potential supply can satisfy. Development 
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of biomass gasification technology is therefore necessary as well as 
mechanisms vital for ensuring the sustainability of the biomass resource. 
Also, the global supply of biomass of 293Exajoules per year (6998Mtoe) is 
sufficient to supply 60 percent of the total world energy supply at 2006 level of 
11.7Mtoe (International Energy Agency: http://www.iea.org/statist/index.htm)  
 
Biomass gasification is the conversion of an organically derived carbonaceous 
feedstock by partial oxidation into a gaseous product, synthesis gas or 
“Syngas”, consisting primarily of hydrogen (H2), nitrogen (N2) and carbon 
monoxide (CO), with lesser amounts of carbon dioxide (CO2), water (H2O), 
methane (CH4), higher hydrocarbons (C+) [Ciferno and Marano, 2002]. During 
gasification, the chemical structure of the biomass undergoes thermochemical 
conversion due to the high temperatures involved in the process. The 
conversion to gas is facilitated by the gasification agent and various 
heterogeneous reactions at each level in the gasification process. It is a two 
stage process consisting of oxidation and reduction processes which occur 
under sub stoichiometric conditions of air with biomass.  
 
Gasification processes give biomass tremendous flexibility.  Various power 
and heat technologies use a wide range of organic residues, agricultural 
wastes, and dedicated energy crops to produce clean fuel gas [Stanley et al., 
2003]. Biomass gasification has derived application in the generation of 
electricity for example through biomass integrated gasification combined 
plants. Other derived applications are in power generation using internal 
combustion engines, gas turbines and even some types of fuel cells [Stanley 
et al., 2003].  
 
One key aspect that is generally acknowledged concerning biomass 
gasification is the fact that information on gasification performance is very 
minimal and databases for utilization by industry are severely needed [Clayton 
et al., 2002].  
 
There was, therefore, a need to carry out a technical assessment to ascertain 
the differences, if any, in the functional and operational characteristics of a 
fixed bed gasifier when a wide range of biomass feedstock materials are fed. 
This included studying the fuel feeding, operation and control of the gasifier 
reactor to meet particular gas production rates and end user demand. 
 
 
1.2 Problem Statement 
 
Most of the population in least developed countries is located where the 
biomass resource is extensive. These biomass resources, particularly, 
agricultural residues, can provide a major source of raw material for biomass 
gasifiers which can provide an attractive energy option for these communities. 
However, biomass resources are non homogeneous by nature. Due to this, 
the fuel feedstock characteristics as well as gasifier reactor operation, 
performance and control vary from one fuel resource to another. There was 
therefore need to study the functional and operational characteristics that 
result from feeding a gasifier with several agricultural residues to ascertain 
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these differences.  Also, as information on biomass gasification performance 
is still minimal, this study was aimed at determining the gasification 
performance parameters for different types of agricultural residues to 
contribute in closing this information gap. 
 
 
1.3 Objectives 
 
The overall objective of this project was to evaluate the functional and 
operational performance of fixed bed biomass gasifier using agricultural 
residues. 
 
The specific objectives of this research were: 
 

• To determine the physical properties and proximate analysis for each 
of the agricultural residues.  

• To determine the gasification operating conditions for each of the 
several agricultural residue feedstock.  

• To evaluate the operation, performance and control of the fixed bed 
biomass gasifier reactor. 

• To determine the gas composition of the producer gas for each 
agricultural residue. 

• To determine the gasification parameters for each of the agricultural 
feedstock.  

 
 
1.4 Scope 
 
The scope was limited to a single fixed bed gasifier rig unit already existent at 
the Faculty of Technology, Makerere University. The experimental tests on 
the gasifier rig were limited to downdraft mode of operation because of the 
non-technical constraints that were encountered such as delays caused by 
system failures, rigidity of the flexible tube responsible for the rig switching 
between updraft and downdraft mode and the long process of acquiring 
calibration gas from France. 
 
The choice of feedstock materials was based on two factors; the cost and 
availability of the materials. The cost of the residues depends on the demand 
from other processes and activities. The availability depends on the cultivation 
seasons of the respective crops. The following agricultural residues were 
considered in this study: 
 

• Rice husks 
• Coffee husks 
• Maize cobs 
• Groundnut shells 
• Bagasse 
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1.5 Study Outputs 
 
The following are the outputs of the study: 
 

• Proximate analysis and physical conditions for the agricultural 
residues. 

• Operating conditions of various agricultural residues. These operating 
conditions include temperature, pressure, throughput, air flow, etc. 

• Evaluation and comparison of the operational conditions  
• Gasification parameters of the agricultural residues 
• Gas composition for each of the agricultural residues 

 
Also, the operational problems encountered were documented. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Introduction 
 
This chapter gives a basic overview on biomass gasification. It looks at the 
reactions that take place during biomass gasification and characteristics of the 
biomass feedstock. The gasification parameters and operating conditions are 
also reviewed. Key in carrying out this review was identification of potential 
similarities and differences and gaps so that results obtained in the 
experimental tests can have a basis for comparison. 
 
 
2.2 Biomass Gasification 
 
Gasification is the production of gaseous fuel by the process of partial 
oxidation of a solid fuel [Prins M.J., 2005]. Gasification adds value to low- or 
negative- value feedstock by converting them to marketable fuels and 
products [Knoef et al., 2005]. This is supported by the fact that the gaseous 
fuels can be easily distributed for both domestic and industrial applications, 
used in devices that produce electricity such as internal combustion engines, 
gas turbines, and fuel cells, or for chemical synthesis of liquid fuels and 
chemicals. 
 
Biomass gasification is the thermo-chemical conversion of organic matter into 
gaseous fuel known as producer gas. From a chemical point of view, the 
process of biomass gasification is quite complex. It includes the following 
steps: 
 

• Thermal decomposition to gas, condensable vapors and char 
(pyrolysis) 

• Subsequent thermal cracking of vapors to gas and char 
• Gasification of char by steam or carbon dioxide 
• Partial oxidation of combustible gas, vapors and char 

 
The devolatisation step (pyrolysis) is slightly endothermic and, for 
temperatures above 500oC, 75 to 90% (wt) volatile matter is produced in the 
form of steam, gaseous and condensable hydrocarbons [Knoef et al., 2005]. 
The relative yield of gas, condensable vapors (including tars) and the 
remaining char depend mostly on the rate of heating and the final 
temperature. A high process temperature is maintained in various ways, 
depending on the type of reactor: 
 

• Burning part of the produced gas and vapors by feeding the gasifier 
with a sub-stoichiometric amount of oxygen 

• Combustion of the produced char, in-situ or separately 
• Partial combustion of the feed material 

 
The final product gas contains carbon monoxide, hydrogen and methane as 
the desired components as well as steam, carbon dioxide, nitrogen, trace 
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amounts of higher hydrocarbons, inert gases present in the gasification agent, 
various contaminants such as small char particles, ash and tars [Bridgwater, 
1994a]. Its precise composition is further determined by the water-gas shift 
equilibrium, a gas phase reaction between steam and carbon monoxide on 
the one hand and hydrogen plus carbon dioxide on the other. Despite a 
favorable equilibrium constant at 900oC methane reformation to CO and H2 
does not occur at atmospheric pressure due to the slow rate of reaction 
[Knoef et al., 2005]. 
 
Apart from decomposition reactions, char gasification includes several 
heterogeneous gas-solid reactions where solid carbon is converted to CO and 
H2 by steam and carbon dioxide. The gas-solid reactions are slow compared 
to the gas phase reactions and may limit the overall rate of the gasification 
process and the carbon conversion efficiency. Any remaining char still 
contains hydrogen and oxygen; its carbon content is approximately 85% by 
weight [Knoef et al., 2005]. Depending on the location of the char in the 
gasifier, whether being in the oxidation or reduction zone, it is burnt or 
gasified. It is therefore noticed that the degree of char conversion affects the 
efficiency of the gasifier. 
 
The complete conversion of condensable vapors (tars), which is related to the 
risk of fouling secondary primary mover systems, is of importance. Tar free 
gas can only be obtained by the installation of efficient tar removal systems or 
by high temperature gasification (T>1200 oC) [Knoef et al., 2005]. Biomass 
contains low – melting minerals that cause melting problems at temperatures 
above 850oC [Knoef et al., 2005]. In high temperature gasification such 
problems are avoided by complete melting and removal of the minerals in slag 
form. The presence of chlorine and sulphur in biomass results in a need to 
clean the product gas, for environmental reasons or to protect secondary 
equipment like heat exchangers and essential parts of any coupled prime 
movers. 
 
 
2.3 Gasification Reactions 
 
The chemistry of biomass gasification is complex. Biomass gasification 
proceeds primarily via a two-step process, pyrolysis followed by gasification. 
Pyrolysis is the decomposition of the biomass feedstock by heat. The 
remaining non-volatile material, containing high carbon content is referred to 
as char. 
 
Combustion, occurring in the oxidation zone, is described by the following 
chemical equations: 
 
 C + O2 → CO2 + 393.8kJ/mol 
 
 C + ½O2 → CO +123.1kJ/mol 
 
 C + 2H2 → CH4 
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These three reactions are exothermic and provide, by auto-thermal 
gasification, the heat necessary for the endothermic reactions in the drying, 
pyrolysis and reduction zones. 
 
The water vapor introduced with the air and production by the drying and 
pyrolysis of the biomass reacts with the hot carbon according to the following 
heterogeneous reversible water gas reaction: 
 
 C + H2O +118.5 kJ/mol ↔ CO + H2 
 
The most important reactions are the water gas reaction and the following 
Boudouard reaction: 
 
 C + CO2 + 159.9kJ/mol → 2CO 
 
These heterogeneous endothermic reactions increase the gas volume of CO 
and H2 at higher temperatures and lower pressures (a high pressure 
suppresses the gas volume). Besides these reactions several other reduction 
reactions take place of which the most important ones are the water shift 
reaction and the methanisation reaction respectively shown below: 
 
 CO2 + H2 + 40.9 kJ/mol → CO + H20 
 
 C + 2H2 → CH4 + 87.5kJ/mol 
 
 
2.4 Biomass Feedstock 
 
Biomass is a term that encompasses all organic matter that originates from 
photosynthesis. Biomass types include various types of wood, plants, 
vegetable oils, green waste, manure, sewage sludge, etc. This wide scope of 
examples of biomass categories is partly responsible for the inhomogeneous 
nature of the biomass resource. The feedstock is one of the most important 
defining inputs in determining the efficiency of gasification reactions because 
the reactions are highly dependent on feedstock composition. The 
composition of the producer gas is strongly dependent on the chemical 
composition of the feedstock [Knoef et al., 2005].  
 
The chemical composition of biomass varies among species, but basically 
consists of moisture and a fibrous structure consisting of lignin, carbohydrates 
or sugars, and ash.  
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Table 2: Potential Biomass Gasifier Feedstock [Ciferno and Marano, 2002] 
 
 Ultimate Analysis (wt% dry basis) Proximate Analysis 

(wt% dry basis) 
 Carbon Hydr-

ogen 
Nitro
-gen 

Oxygen Sulphur Ash Fixed 
Carbon 

Volatile 
matter 

Moist
ure 

Heating 
Value 
HHV 
(MJ/kg) 

Agricultural Residues 
Sawdust 50 6.3 0.8 43 0.03 0.03 25.2 74 7.8 19.3 

Bagasse 48 6.0 - 42 - 4 15 80 1 17 

Corn 
Cob 

49 5.4 0.4 44.6 - 1 15 76.5 5.8 17 

  
Table 2 clearly shows that different biomass resources have different 
proximate and ultimate analyses. The variation in the ash content for the 
agricultural residues is important in gasification operation. The variation in the 
moisture content for the different agricultural residues is also important. 
Biomass types differ in chemical composition, heating value, ash and 
moisture content [Prins, 2005]. The question that therefore arises is whether 
all the biomass types can be converted with comparable efficiencies. 
Observations have been made that show that higher moisture content in 
agricultural residues which are to be used as feedstock can lead to 
undesirable results [Knoef et al., 2005]. 
 
The different biomass characteristics result in the necessity to 
pretreat/process different types of biomass feedstock before use as gasifier 
fuel. Feedstock preparation is required for almost all types of biomass 
materials because of a large variety in physical, chemical and morphological 
characteristics. The degree to which any specific treatment is desirable will 
depend on the details of the gasifier plant. The sequence of pretreatment 
technologies depends on the type and characteristics of the biomass material 
and the requirements of the gasifier fuel [Knoef et al., 2005]. A clear example 
of the necessity of pretreatment is seen in the case of operation of a 
downdraft gasifier where the moisture content must be about 20% or less for 
proper functioning of the downdraft gasifier. 
 
Feedstock preparation implies costs such as consumption of electricity, high 
manpower needs, dust collection, noise production and the occasional 
unexpected accidents during processing [Saravankumar et al., 2007]. The 
pretreatment required by non-woody agricultural residues on the other hand is 
very minimal. This aspect makes agricultural residues a very attractive source 
for use in biomass gasifiers, because the costs involved in preparation are 
reduced when compared to the costs incurred in preparation of woody 
biomass. 
 
The suitability of the agricultural residue to be used as feedstock in a fixed 
bed gasifier depends on: 

• Ultimate analysis of the feedstock 
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• Volatile matter content of the feedstock 
• Ash content and ash chemical composition 
• Size, form and size distribution of the feedstock 
• Energy content of feedstock 

 
 
2.5 Fixed Bed Gasifier 
 
Fixed bed gasifiers pass the gasification medium (air, oxygen or steam) 
through a hot bed of biomass. There are two main variations of the fixed bed 
gasifier: updraft and downdraft. 
 
 
2.5.1 Updraft Gasification 
 
The simplest type of gasifier is an updraft gasifier [Figure 2]. Biomass is fed at 
the top of the reactor and moves downward as a result of the conversion of 
the biomass and the removal of ashes. The air intake is at the bottom and the 
gas leaves at the top. The biomass moves counter-currently to the gas flow, 
and passes through the drying zone, the pyrolysis zone, the reduction zone 
and the oxidation zone. 
 
The advantages of updraft gasification include: 

• simple, low cost process 
• ability to handle biomass with a high moisture and high inorganic 

content 
• proven technology 
• ability to process relatively small sized fuel particles and accepts some 

size variation in the fuel feedstock 
 
The major drawbacks of updraft gasification include: 

• High amounts of tar requiring extensive clean-up before producer gas 
applications. 

• High ash waste material difficult to gasify because of sintering 
problems also resulting from ash melting characteristics. 
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Figure 2: Updraft Gasification [Knoef et al., 2005] 
 
 
2.5.2 Downdraft Gasification 
 
In a downdraft reactor biomass is fed at the top and the air intake is also at 
the top or from the sides [Figure 3]. The gas leaves at the bottom of the 
reactor, so the fuel and the gas move in the same direction. 
 
The advantages of downdraft gasification include: 

• Up to 99.9 percent of the tar formed is consumed requiring minimal or 
no tar cleanup 

• Minerals remain with the char/ash, reducing the need for a cyclone 
• Proven, simple and low cost process 

 
The disadvantages of downdraft gasification are: 

• Requires feed drying to a low moisture content (<20%) 
• Producer exiting the reactor is at high temperature, requiring a 

secondary heat recovery system 
• 4-7 percent of carbon remains unconverted 
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Figure 3: Downdraft Gasification [Knoef et al., 2005] 
 
 
2.5.3 Technical and Operational problems with fixed bed gasifiers 
 
The fixed bed gasification has some limitations that hinder the total output that 
is derivable from the gasification process in both updraft and downdraft mode 
of operation [Knoef et al., 2005]. It is also important to note that characteristics 
of fixed bed gasification vary between the updraft mode and the downdraft 
mode. Four technical and operational problems include [Knoef et al., 2005]: 

• Tar production 
• Explosions 
• Fuel blockages 
• Corrosion 

 
 
2.5.3.1 Tar Production 
 
In updraft gasification, producer gas contains 10 to 20% tar by weight 
requiring extensive producer gas clean up before engine, turbine or synthesis 
applications. Up to 99.9% of the tar formed is removed during downdraft 
gasification requiring minimal or no tar clean up [Ciferno and Marano, 2002]. 
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The main reason that a tar-free gas is rarely obtained is that the high 
temperature zone is never completely uniform. Excessive tar production may 
be caused by inappropriate fuel properties like morphology, size distribution 
and moisture content and inappropriate flow behavior of the char. It may also 
be produced during periods of unsteady state operation or too low part load 
operation [Knoef et al., 2005]. 
 
 
2.5.3.2 Explosions 
 
The leakage of combustible gases through the fuel feeding system, the ash 
discharge system or any other leakage point may cause explosions. After 
shutdown of a gasifier, combustible gases remain in the equipment. If the 
gasifier is ignited again without venting the equipment in advance with fresh 
air, explosions may occur.  To reduce the risk of explosions gasifiers should 
be provided with spring-loaded top-lid or bursting disks and located in well-
vented rooms or in the open air [Knoef et al., 2005]. 
 
 
2.5.3.3 Fuel Blockages 
 
Fuel blockages may occur in the throat of the gasifier. They are caused by an 
inappropriate combination of fuel properties like: morphology, size distribution, 
ash content and ash composition, bulk density and the flow properties of the 
derived char [Knoef et al., 2005]. 
 
 
2.5.3.4 Corrosion 
 
Corrosion may be a problem, particularly on surfaces in the high temperature 
areas of the gasifier (the throat). Too high temperatures can cause this 
corrosion and/or contaminants in the feedstock like chloride [Knoef et al., 
2005]. 
 
 
2.6 Gasification Parameters 
 
Knoef et al., (2005) describe gasification parameters, which are the basic and 
relevant parameters regarding biomass gasification operation, performance 
and biomass gasification design.  
 
 
2.6.1 Equivalence Ratio 
 
The water gas, water gas shift, Boudouard and methane reactions provide the 
opportunity to calculate the product gas composition of a gasifier, but only if 
this equilibrium can really be reached. Models of Schlapfer and of Gumz are 
frequently used to calculate the gas composition as functions of the 
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temperature and/or the equivalence ratio (ER), which is the oxygen used 
relative to the amount required for complete combustion. 
 

( )stoichiometric

fuel to oxidizer ratioEquivalenceRatio
fuel to oxidizer ratio

− − −
=

− − −
…………………..Eqn. (1) 

 
The value of the equivalence ratio is defined as follows [Turns, 2002]: 
 

( )
( )
( )

    ,
   

stoichiometric
S

AAir to fuel ratio FEquivalence Ratio
AAir to fuel ratio

F
φ = = ………………Eqn. (2) 

 
The equivalence ratio of the gasification process is one of the most important 
parameters for the adjustment of the operation conditions [Ramirez et al., 
2007]. The air-fuel stoichiometric relation for the combustion of rice husks can 
be obtained from the following expression [Sanchez, 1997]: 
 
( ) ( )8.89 % 0.375 % 26.5 % 3.3 %

%            
%            
%            
%             

S
A C S H OF

where
C carbon in the rice husk
H hydrogen in the rice husk
O oxygen in the rice husk
S sulfur in the rice husk

= + × + × − ×

………………..….Eqn. (3) 

 
The formula given for the combustion of biomass with oxygen is as follows 
[Reed and Desrosier, 1979]: 
 

1.4 0.6 2 2 21.05 0.7CH O O CO H+ → + ……………………………………………Eqn. (4) 
 
Since 2O is supplied as air, the associated 2N must also appear: therefore, 

1.4 0.6 2 2 2 2 2
79 791.05 1.05 0.7 1.05
21 21

CH O O N CO H N⎛ ⎞ ⎛ ⎞+ + × → + + ×⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

…….....Eqn. (5) 

1 kmol of fuel has mass of 23kg and 1.05 kmol of oxygen has a mass of 
33.6kg. Therefore 2O required per kg of fuel is 33.6/23 = 1.46087kg. 
Therefore, the stoichiometric A/F ratio becomes: 

1.46087 6.2698
0.233S

A
F

⎛ ⎞ = =⎜ ⎟
⎝ ⎠

 

(Assumption: Air is assumed to contain 23.3% 2O by mass [Eastop and 
McConkey, 1993]) 
 
 
2.6.2 Superficial velocity 
 
The superficial velocity is one of the most important parameters determining 
the performance of a gasifier reactor, controlling gas production rate, gas 
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energy content, fuel consumption rate, power output, and tar/char production 
rate. The superficial velocity is defined as the gas flow rate (m3/s) divided by 
the cross sectional area of the inner ceramic cylinder (m2) [Knoef et al., 2005]. 
The actual velocity is much higher due to the presence of biomass material. A 
low superficial velocity causes relatively slow pyrolysis conditions and results 
in high charcoal yields and a gas with high tar content.  
 

   
sec

gas flow rateSuperficial velocity
cross tionalarea

=
−

…………………………….......Eqn. (6) 

 
 
2.6.3 Gas heating value 
 
The energy content refers to the heating value and it affects the energy output 
of the gasifier. There are two ways of calculating the gas heating value: 
 

• Lower Heating Value (LHV) 
• Higher heating Value (HHV) 

 
In this study the lower heating value was used in the analysis and is 
computed from: 
 

[ ] [ ] [ ] [ ]2 410.768 12.696 35.866 83.800gas n mLHV H CO CH C H= + + + ……..…Eqn. (7) 
 
This expression for obtaining the LHV is based on the energy densities at 
normal conditions for each of the components of the producer gas. The 
volumetric percentages of hydrogen, carbon monoxide, methane and any 
other hydrocarbon are known from the results of the gas chromatograph. 
 
 
2.6.4 Gas flow rate and gas production 
 
The gas flow rate (m3/s) can be calculated from the primary air flow if the 
Nitrogen content in the producer gas is known. The gas flow rate can be 
measured by orifice plates, venturis,   pitot tubes or rotameters placed in the 
gas flow[Knoef et al., 2005].  

3.76
4.76

     

air flow rate
Gas production rate

Nitrogen mole fraction of dry producer gas

⎛ ⎞× ⎜ ⎟
⎝ ⎠= ……….Eqn. (8) 

 
The power output from the gasification process based on each individual 
agricultural feedstock is then obtained as: 
 

 ( )      gaspower output MW gas flow rate x LHV= …………………….………..Eqn. (9) 
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2.6.5 Efficiency of a gasifier 
 
The efficiency of a gasifier can be expressed on cold or hot basis. Cold gas 
efficiency is the chemical energy content of the producer gas divided by the 
energy content of the biomass while the hot gas efficiency is the chemical and 
heat energy content of the producer gas divided by the energy content of the 
biomass. The hot gas efficiency is obtained taking into account the heat 
contained in the gas and is mainly used for heat applications. Cold gas 
efficiency, on the other hand, is obtained when the gas is cooled after leaving 
the gasifier to ambient temperature. It is applied in engine (and power) 
applications [Knoef et al., 2005]. 
 

chemical energy content of product gasCold gas efficiency
energy content of biomass fuel

= …………...Eqn. (10) 

 

.

     
      

gas

fuel f

f

Q LHV
ColdgasEfficiency

LHV m

Q is the gas production rate
m is the mass flow of fuel

×
=

×

……………………………………….…Eqn. (11) 

 

  (     )
    

  
gas

f fuel

chemical and heat energy content of product gasHot gas efficiency
energy content of biomass fuel

Q x LHV sensible heat of hot gas
Hot gas efficiency

m x LHV

=

+
=

…Eqn. (12) 

 
 
2.6.6 Fuel Consumption 
 
The fuel consumption is needed to determine the gasification rate and the 
overall efficiency. The fuel consumption is obtained by measuring the total 
amount of biomass feedstock placed into the gasifier and then noting the time 
taken for its gasification.  
 

2.6.7 Specific Gasification Rate  
 
Specific gasification rate is the volumetric flow rate of gas per unit area based 
on throat diameter. The gas volume is measured at normal conditions (1 
atmosphere, 00C). 
 
 
2.6.8 Specific Gas Production Rate (SGPR) 
 
Specific gas production rate is the volumetric flow rate of gas per unit area 
based on the reactor diameter. The gas volume is measured at normal 
conditions (1 atmosphere, 00C). 
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2.6.9 Turndown ratio 
 
This is the ratio under which gas is produced of sufficient quality for its 
application. For every gasifier there is an optimum range of operating 
conditions corresponding to a certain turn-down ratio. For gasifiers the turn 
down ratio is typically 2 to 3, although some technology developers claim 
higher values [Knoef et al, 2005]. 
 

     
  

Highest practical gas generation rateTurn down ratio
Lowest practical rate

− = ……………….Eqn. (14) 

 
 
2.7 Gasifier Operating Conditions 
 
The throughput, pressure, temperature, exit temperature, reactants, gas 
output and heating value make up the operating conditions for a particular 
gasifier. Operating biomass gasifiers at or above atmospheric pressure has 
both benefits and drawbacks depending upon the intended applications. 
Pressurized gasifiers are complex, costly and have a higher capital cost, both 
for the gasifier and associated feed system. Exit temperatures vary 
considerably depending also on the applications as well as the gas clean up 
and heat recovery systems [Ciferno and Marano, 2002]. 
 
Sources of oxygen used in biomass gasification are air, pure oxygen and 
steam, or some combination of these. Air is the most widely used oxidant, 
avoiding the requirement for oxygen production which increases on the costs 
involved in gasifier operation. The gas and airflows can be converted to the 
air/fuel ratio, which is one of the most important aspects of gasification 
operation [Saravankumar et al., 2007]. The air/fuel ratio shows operation in a 
combustion mode at start up, a gasification mode for the middle part of the 
run and a charcoal gasification mode at the end of the run. 
 
In order to maintain the required reaction temperature in a gasification 
process, the amount of air that is required should be increased when moisture 
content is high. But this would cause operational problems such as a mole 
fraction reduction of the producer gas which implies that the heating value will 
be reduced. The moisture content for downdraft gasification is required to be 
between 20 – 25%. 
 
In gasifier operation the mineral content in the fuel residues is mainly ash; but 
unburned carbon is also present. The percentage of unburned carbon present 
in the residues varies from one biomass feedstock to another. 
 
The size and size distribution of the biomass feedstock affect the pressure 
drop through the gasifier bed. Pressure drop increases with low particle size. 
Larger sized feedstock requires longer time for complete gasification and flow 
of feedstock obstruction can take place [Jarungthammochote et al., 2007]. 
The irregularity of the size and shapes of agricultural residues generates low 
quality producer gas especially when these materials are used directly or 
without any pre-processing.  
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Gas yield and gas composition are related to the heating rate. Smaller sizes 
of feedstock particles mean larger surface area for contact and reaction with 
the gasifying medium. This larger contact area will result to faster heating rate 
thus more gases, less char and condensate is produced [Acharya et al., 
2007].  
 
Lower bulk density feedstock implies lower energy density. Agricultural 
residues that have lower bulk densities are difficult to handle not only in pre – 
processing and fuel feeding, but also in the gasification process itself. As the 
density decreases, the residence time of the agricultural residues inside the 
gasifier also decreases resulting in lower conversion efficiency. These 
problems are solved to some extent by densification through compaction of 
residues into high density feedstock [Acharya et al., 2007]. 
 
Table 3: Some characteristics of fixed bed gasifiers [Knoef et al., 2005] 
 
 Downdraft Updraft 
Fuel (wood) 
- moist.cont. (% wet basis) 
- ash content (% dry basis) 
- size (mm) 

 
12 (max. 25)
0.5 (max. 6) 
20 – 100 

 
43 (max. 60) 
1.4 (max. 25)
5 - 100 

Gas exit temp (0C) 700 200 – 400 
Tars (g/Nm)3 0.015 – 0.5 30 – 150 
Sensitivity to load fluctuations Sensitive Not sensitive 
Turn down ratio 3 – 4 5 – 10 
Ηhg full load (%) 85 – 90 90 – 95 
Ηcg full load (%) 65 – 75 40 – 60 
Producer gas LHV (MJ/Nm3) 4.5 – 5.0 5.0 – 6.0 
 
 
2.8 Energy Balance on a fixed bed gasifier 
 
Assumptions in determining the energy balance are: 
 

• The gasification process is adiabatic 
• The air inlet temperature was 298K (This was actually measured) 
• The continuity equation is applicable 

 
The energy balance of the gasification process is given as follows [Ramirez et 
al., 2007]: 
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Where
E Energy in the fuel kW

E Energy in the air kW
E Energy in produced gas energy kW

E Energy losses kW

+ = +

→

→
→

→

……………………………….Eqn. (15) 

Because the atmospheric air entering the reactor is considered to be at the 
same reference temperature (250C), the gasification air energy is nil. 
The energy available in the fuels is given as: 
 

3600
( / )

( / )

f f
f

f

f

m LHV
E

m Fuel mass flow kg hr

LHV Lower heating value of fuels kJ kg

=

→

→

&

& ………………………………………….….…Eqn. (16) 

 

The gas power or produced gas energy is obtained as shown below: 

 

( )

( )
( )

g u s

g

u

s

E E E

E Energy of produced gas kW

E Chemical or useful energy of produced gas kW
E Sensible energy of produced gas kW

= +

→

→

→

………………...Eqn. (17) 

The useful or chemical energy uE is given as: 
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The sensible energy sE  of the gas at exit is given by:  
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 Eqn. (19) 

The enthalpy balance for the process can be written as: 
 

( )0 0 0
, , ,f j i f i T i

j react i prod
h n h h

= =

= + Δ∑ ∑ …………………………………………….Eqn. (20) 

 

where 0
fh  is the enthalpy of formation in kJ/kmol and its value is zero for all 

chemical elements at reference state (298K, 1 atm) and ThΔ  represents the 
enthalpy difference between any given state and reference state which 
describes the sensible energy. 

( )0
,

298

T

T i ph C T dTΔ = ∫ …………………………………………………………Eqn. (21) 

 

The energy loss in the solid wastes and to the atmosphere is obtained from: 
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Energy losses in solid wastes are attributed to: 

 

a) Sensible heat in the ash [Sanchez, 1997] 
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The amount of solid wastes is calculated from: 
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b) Residual carbon in the wastes [Barriga, 2002] 
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CHAPTER 3: METHODOLOGY 
 
3.1 Introduction 
 
In this chapter the steps that were undertaken to achieve the specific 
objectives of the study are described. This methodology is described in 
sequential order. 
 
 
3.2 Experimentatal Set-up and procedure 
 
3.2.1 Experimental procedure for Proximate Analysis 
 
The procedure for carrying out the proximate analysis based on NREL/TP-
510-42620 developed by the National Renewable Energy Laboratory under 
the Standard Biomass Analytical Methods was used. This procedure is similar 
to ASTM E 1757-01.  
 
 
3.2.1.1 Sampling 
 
The biomass samples were received from the field and allowed to air dry. This 
method is suitable for the preparation of large quantities (> 20g) of field – 
collected samples into a form appropriate for proximate analysis. The 
sampling was done in such a way that the samples tested were representative 
of the gasified feedstock. This was achieved by obtaining samples from a 
mixture of samples taken from the top, middle and bottom of each feedstock 
sack. The weight of these samples was obtained using Electronic Analytical 
and Precision Balances. Denver Instrument S1-234, Max 230g, d=0.1mg.  
 
Table 4: Weight of samples of representative feedstock used in determining the 
moisture content 
 
Sample Name Sample Weight/g 
Maize Cobs 308.8697 
Coffee Husks 60.1071 
Groundnut Shells 32.4055 
Rice Husks 45.3206 
Bagasse 16.0958 
 
 
3.2.1.2 Determination of moisture content 
 
The moisture content was obtained using the convection oven method. Both 
as received and air dried test specimen were used in determining the 
moisture content. The sample size of the test specimen was chosen in such a 
way that the sample size was representative of the entire lot of feedstock 
under storage (See Section 3.3.1.3). The following procedure was used to 
determine the moisture content. 
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i. The ceramic weighing dishes were pre-dried by placing then in a drying 

oven at 105±30C for four hours. The pre-dried dish was then weighed 
to the nearest 0.1mg. This weight was recorded. 

ii. The sample was thoroughly mixed and an approximate amount was 
then weighed out to the nearest 0.1mg into the weighing dish. For each 
feedstock at least five samples were used. 

iii. The feedstock sample was then placed in a convection oven at 
105±30C for a minimum of four hours. For very wet samples overnight 
drying was used. The sample was then removed from the oven to cool 
to room temperature in desiccators. The dish containing the oven dried 
sample was weighed and the weight recorded. 

iv. The sample was placed back into the convection oven at 105±30C and 
dried to constant weight. Constant weight is defined as±0.1 percent 
change in weight percent solids upon one hour of re-heating the 
sample. The weight was then recorded. 

 

Calculations 
The following calculations were used to obtain the % total solids, % moisture 
and the root mean square deviation (RMS deviation) or standard deviation (st. 
dev) of the samples. 
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RMS and RMS deviation were necessary for replicate analysis of the same 
sample. 
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Figure 4: Agricultural Residue samples placed in oven 
 
 
3.2.1.3 Determination of ash content 
 
The oven used in determination of ash content was from Elite thermal 
systems limited (Model No: BRF 17/12M-2416+2116. Serial No: 1475/02/03). 
Electronic Analytical and Precision Balances (Denver Instrument S1-234, Max 
230g, d=0.1mg) were used to measure sample weights.  
 
The following procedure was used to determine the ash content [Sluiter et al., 
2008]. 
 

i. A porcelain marker was used to mark a minimum of five crucibles with 
identifiers. These crucibles were then placed in the furnace set to 
575±250C for a minimum of four hours, after which the crucibles were 
cooled for a recommended time of one hour. The weight of the crucible 
and the sample was then recorded to the nearest 0.1mg. 

ii. The sample was then placed back into the muffle furnace at 575±250C 
and dried to constant weight. Constant weight is defined as less than 
±0.3mg change in the weight upon one hour of re-heating the sample. 
If the sample being analyzed was a 1050C dried test specimen, the 
sample was used immediately after the moisture analysis test to obtain 
the ash content. 

iii. The crucibles with the samples were then placed into the furnace and 
the ramping operation described below was used to ash the samples. 

• Ramp from room temperature to 1050C 
• Hold at 1050C for 12 minutes 
• Ramp to 2500C at 100C/minute 
• Hold at 2500C for 30 minutes 
• Ramp to 5750C at 200C/minute 
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• Hold at 5750C for 180 minutes 
• Allow temperature to drop to 1050C 
• Hold at 1050C until samples are removed 

iv. The crucible was then carefully removed from the furnace and the 
crucibles and the ash were weighed to the nearest 0.1mg and the 
weight was recorded. 

 

Calculations 
The following calculations were used to obtain the oven dry weight (ODW), 
the % ash. The root mean square deviation (RMS deviation) or standard 
deviation (st. dev) of the samples was calculated as shown in the calculations 
for the moisture content. 
 

  

   

  %  
100

 
%  100
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3.2.1.4 Determination of particle size 
 
In determination of the particle size, digital vernier calipers were used to 
measure the lengths of the samples of the agricultural feedstock. The 
measurements of the samples were done at three different points on each 
sample and the longest length was then recorded. At least thirty samples 
were used of each agricultural feedstock. For bagasse, maize cobs, and 
groundnut shells 32, 30 and 31 samples were used because the combined 
weights of the samples considered were easily over 2g, at 2.2g, 615.6g and 
2.2g respectively which is necessary when carrying out sampling [Hames et 
al., 2008]. 
 
Table 5: Number of samples used in determining particle size 
 
Agricultural Residue Number of samples used 
Bagasse 32 
Maize Cobs 30 
Coffee Husks 63 
Rice Husks 57 
Groundnut Shells 31 
 
The following procedure was used to determine the particle size. 

 
i. For each specific agricultural residue, a specific number of samples 

were used as shown in the table above. 
ii. Digital vernier calipers were used to measure the lengths of the 

samples at three different points to ascertain the longest point. This 
longest point was recorded. 
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iii. The procedure was repeated for all agricultural residues. 
 
Calculations 
The root mean square deviation and the average lengths for the samples 
considered for each of the agricultural residues were calculated in a similar 
way as shown in the calculations for the moisture content. 
 
 
3.2.1.5 Determination of Bulk density 
 
In determining the bulk density calibrated measuring cylinders were used to 
determine the volume of the crucibles. This was done by filling the crucibles 
with water and then transferring this water to a carbureted measuring cylinder.  
 
The following procedure was used to determine the bulk density:  
 

i. The volumes of the crucibles were determined using a measuring 
cylinder. 

ii. The weight of the crucibles was then determined using a digital 
weighing scale. 

iii. The crucibles were then filled in a similar way to loading the gasifier 
with the agricultural residue (fuel) and the total weight determined so 
that weight of fuel could be determined. 

iv. The total weight of the fuel and then the bulk density were calculated. 
The bulk density was obtained from the following expression: 

 
   

   
weight of fuelBulk Density

volume of the container
=  

 
 
3.2.1.6 Determination of Volatile matter 
 
The determination of volatile matter was difficult to perform because of the 
fact that this particular experiment has to be carried out in a nitrogen 
environment. Therefore, the samples that were used to carry out this analysis 
were covered with a steel metal plate before being placed in the oven to limit 
the degree of oxidation during the experimentation. 
 
The following procedure was used to determine the volatile matter: 
 

i. The weight of the container was determined 
ii. The weight of the container and the fuel was determined. 
iii. The fuel was put in the oven and heated to 7000C and then held for 4 

hours.  
iv. The fuel was removed and weighed. 
v. The volatile matter content was calculated from the following 

expression: 
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        % 100% 100
   

Weight of container and fuel after heating Weight of containervolatilematter
Weight of fuel alone

⎡ ⎤⎛ ⎞−
= − ×⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 

 
The oven used in determination of volatile matter was from Elite thermal 
systems limited (Model No: BRF 17/12M-2416+2116. Serial No: 1475/02/03). 
The instrument used for measuring the weights was from Electronic Analytical 
and Precision Balances. Denver Instrument S1-234, Max 230g, d=0.1mg. 
 
 
3.2.2 Setup and procedure for gasification experiments 
 
The setup and procedure for performing the gasification experiments is 
described below. Figure 11 below shows the fixed bed gasification mode that 
was used in performing the experiments on the gasifier. The system mainly 
comprises a reactor, fuel feeding system, air blower connected to a three 
phase motor, ash collecting system and a gas sampling unit.  
 
The reactor is a cylinder with internal diameter 58cm and height of about 121 
cm from the fuel feeding point at the top to the grate. The thickness of the 
reactor vessel wall is approximately 4mm and the wall structure is made of 
mild steel. From the grate to the connection to the top half of the reactor is 
57cm. In the bottom half of the reactor an internal ceramic cylinder is found 
with 28cm internal diameter and 37cm outer diameter as its dimensions. The 
void created by this cylinder presents a region where the producer gas 
circulates before exiting the system.  
 
This cylinder consists of two parts, a top part and a bottom part separated by 
a cotton lining. On the top part of the ceramic cylinder there are 7 air holes 
each with an internal diameter of 1cm. The internal diameter of the air inlet 
point on the gasifier is 10cm and it protrudes 12cm from the surface of the 
bottom half of the reactor. The ash collection point has an internal diameter of 
38cm and a height of 44cm from the grate to the bottom of the ash collection 
point. The feeding point has a diameter of 29cm. Figure 10 shows a cross-
section of the gasifier rig in downdraft mode.  
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Figure 5: Dimensions of gasifier set-up in downdraft mode 
  
Initially a total of 5 K-type thermocouples were installed at various locations 
above the grate. In order to achieve this, modifications were made on the 
gasifier to allow for placement through holes drilled at specified points on the 
gasifier.  
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Figure 6: Fixed Bed Gasifier at Makerere University 
  
Thermocouple 101 was located at the height of 68cm from the grate. 
Thermocouple 109 was place at a height of 88cm from the grate. 
Thermocouple 103 was placed approximately 20cm above the grate. 
Thermocouple 105 was placed 40cm above the grate. Thermocouple 107 was 
placed in the ash collection point. Thermocouple 108 was placed in the 
heating element and thermocouple 110 was placed at the gas exit point after 
the cyclone. The basis for assigning these thermocouples these heights was 
to get temperature profiles at different regions of the gasification process. 
Thermocouples were placed in the drying, pyrolysis, oxidation and reduction 
zones of the gasifier. Thermocouples were also placed after the cyclone, in 
the ash bed as well as in the heating element of the sampling unit. The 
gasifier was not equipped with a pollutant emission control system such as a 
filter and scrubber. 
 
 
3.2.3 Data Acquisition System 
 
A data acquisition system, Keithley Model 2701 was used for temperature 
measurements. In order to record the temperature measurements a switching 
module of 7700 series was used. Prior to using this system, the hardware was 
configured to match the TestPoint Runtime Software, which was installed in a 
computer using Windows XP operating system.  
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3.2.4 Gasifier Operation 
 
The biomass feedstock to be used for each experiment was ascertained 
before the commencement of the experiment. Charcoal usually between 5 to 
7 kg was weighed and placed into the gasifier until it reached about the height 
of the inner ceramic cylinder. Biomass feedstock was weighed and put into 
the reactor until the feedstock completely covered the thermocouple in the 
drying zone. The loading of the gasifier was batch loading because during the 
operation, it was necessary for the feedstock inlet to be closed.  
 
The commencement of the gasifier operation followed the loading of the rig. 
The loading of the gasifier was batch loading. The gasifier was loaded once 
except during the gasification of groundnut shells where it was loaded two 
times. Temperature measurements were taken every second for the entire 
duration of the gasification process. Once the flare was obtained, the gas 
sampling unit was then turned on, so that the heater could warm up and any 
air within the sampling unit be allowed to exhaust the system.  
 
The average air flow into the system was measured at intervals of 10 minutes.  
The reason for this was that the variation of air flow was high due to the effect 
of air currents from the outside as well as due to differences in the flow 
resistance locally in the fuel bed on the inside.  
 
The operation of the gasifier was concluded once the agricultural residue was 
exhausted from the gasifier bed. This was normally determined when a 
distinct sound was produced by the gasifier signaling no more feedstock in the 
reactor.  
 
The ash and unburned residues from the gasifier operation was allowed to 
cool for three to five hours. After cooling, this ash and unburned carbon was 
weighed using a weighing machine. 
 
The gas sampling was done at random times, but spaced evenly through the 
duration of the experiment.   
 
 
3.3 Gas Sampling 
 
Through the sampling unit gas samples were collected in sampling bags of 5 
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litres maximum capacity. The sampling bags were then carried to the 
laboratory for testing the composition of the sample gases that were collected 
using a gas chromatograph (GC 3BT). 
 
Figure 7: Gas Sampling Unit 
 
 
3.4 Determination of Gas Composition 
 
A Gas Chromatograph (3BT) shown in Figure 13, was used to analyze the 
gas composition of the gas samples. In determining the gas composition 
calibration gas was passed through the GC 3BT as well as normal air at the 
prevailing conditions. The composition of the calibration gas was as follows: 
Hydrogen (H2), 25%, Nitrogen (N2), 55.5%, Carbon dioxide (CO2), 6%, 
Carbon monoxide (CO), 10%, Methane (CH4), 1.5% and Ethylene (C2H4), 2%.  
 
The sample gas was also passed through the GC 3BT at two different 
sensitivities. A sensitivity of 64mV was used for measurements based on 
mass spectrometry (MS) and a 16mV sensitivity was used for measurements 
based on parts per quadrillion (PPQ). The plotter plotted the corresponding 
heights for each of the sample gases that were passed through the GC 3BT 
machine. 
 
The printouts from the plotter were used to determine the heights of each of 
the components in the producer gas. These heights for each of the 
components were inputs into a Gas Analysis spreadsheet where the heights 
were multiplied by the attenuation of 64mV for mass spectrometry 
measurements and 16mV for parts per quadrillion measurements to give the 
corresponding height at 1mV necessary for computation of the concentration 
percentage.  
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Figure 8: 3BT GC Machine 
 
 
 

 
 
Figure 9: Plotter connected to the 3BT GC machine 
 
 
3.5 Data analysis and evaluation 
 
The data that was collected from these experiments was analyzed and 
evaluated so that the necessary key parameters could be calculated. These 
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key parameters included the cold gas efficiency, hot gas efficiency, gas 
production rate, turndown ratio, equivalent ratio, and the lower heating value 
of the producer gas. The data obtained from the 3BT GC was the input for a 
gas analysis spreadsheet that would convert the heights of the columns 
representing the various components of the producer gas and calculate the 
percentages of their composition.  
 
An energy balance was also performed on the gasification unit. The data used 
in these calculations was based on the data collected for the various 
agricultural residues that were experimented during the proximate analyses, 
gasifier experiments and the determination of the gas composition. Also 
comparisons were made with derived data from literature so that any 
similarities or differences or additions to and with the literature can be 
highlighted.  
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CHAPTER 4: DATA ANALYSIS AND DISCUSSION 

 
4.1 Introduction 
 
This chapter documents the results of the proximate analyses, the test runs 
on the gasifier and the experiments performed on the gas chromatograph. 
The analysis of the results is shown as well as the discussion of the results. 
 
 
4.2 Proximate Analysis and Physical Characteristics 
 
The following were determined from the proximate analysis and physical 
characteristics: 
 

• Moisture content 
• Ash content 
• Bulk density 
• Volatile matter content 
• Particle size 

 
In all experiments five samples from each agricultural residue were 
considered and the parameter chosen was obtained by averaging the results 
obtained from each agricultural residue. 
 

 
 
Figure 10: Agricultural Residue sample of Rice Husks 
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Figure 11: Agricultural Residue sample of Coffee Husks 
 
 

 
 
Figure 12: Agricultural Residue sample of Maize Cobs 
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Figure 13: Agricultural Residue Sample of Bagasse 
 
 

 
 
Figure 14: Agricultural Residue sample of Groundnut shells 
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4.2.1 Moisture Content 
 
Moisture content is a very important parameter because the moisture does 
not contribute to the heat content of the producer gas but utilizes energy 
during the gasification process. 
 
 
4.2.1.1 Moisture Content for Maize Cobs (as received) and after air dried 
 
The moisture content for the maize cobs as received from the field was 
calculated from twelve selected samples. The results are shown in Table 6.  
 
From Table 6, it was observed that there was a lot of variability in the moisture 
content of the maize cobs samples.The maximum value of moisture content 
was 41% and the lowest sampled value of moisture content was 17.8%. The 
variability in the moisture content was 6.7%  which was too high. The average 
value of the moisture content was 25.7%, which, according to various sources 
of literature is too high to support optimum gasification of an agricultural 
residue, especially during downdraft mode of operation [Knoef et al., 2005].  
 
Eleven samples were used to calculate the moisture content of the maize 
cobs that were in storage and air dried. The results are shown in Table 6. The 
average moisture content was 9.9% with a variability of 0.9%. This value of 
average moisture content for the maize cobs was in line with values given in 
various literature sources [Knoef et al, 2005]. 
 
Table 6: Percentages of total solids and moisture content for maize cobs (as 
received) 
 
Sample 
Number 

% Total 
Solids (as 
received) 

% Moisture 
Content (as 
received) 

% Total 
Solids (air 
dried) 

% Moisture 
Content (air 
dried) 

1 68.89 31.11 90.47 9.53 
2 77.66 22.34 88.32 11.68 
3 58.62 41.39 91.68 8.32 
4 80.46 19.54 90.56 9.43 
5 66.62 33.39 89.37 10.62 
6 71.82 28.18 89.42 10.58 
7 75.19 24.81 90.22 9.78 
8 79.18 20.82 90.64 9.37 
9 82.24 17.76 89.87 10.13 
10 71.38 28.62 90.56 9.44 
11 79.08 20.92 90.14 9.86 
12 80.25 19.75   
RMS(Mean) 74.28 25.72 90.11 9.89 
RMS 
deviation 

6.73 6.73 
0.87 0.87 
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4.2.1.2 Moisture Content for Coffee husks 
 
Five samples were used to calculate the moisture content of the coffee husks. 
The results are tabulated in Table 7. 
 
Table 7: Percentages of total solids and moisture content for coffee husks 
 
Sample Number % Total Solids % Moisture Content 
1 85.45 14.56 
2 85.56 14.44 
3 85.52 14.48 
4 85.73 14.27 
5 85.68 14.32 
RMS (Mean) 85.59 14.41 
RMS Deviation 0.11 0.11 
 
 
The average value of moisture content was calculated as 14.4% with a 
variability of 0.1%. This value of moisture content for the coffee husks is in 
agreement to values in literature [Knoef et al., 2005]. The moisture content 
percentage was also sufficient for gasification to take place in downdraft mode 
of gasification. 
 
 
4.2.1.3 Moisture Content for Groundnut Shells 
 
Seven samples were used to calculate the moisture content of the groundnut 
shells. The results are shown in Table 8. 
 
Table 8: Percentages of total solids and moisture content for groundnut shells 
 
Sample Number % Total Solids % Moisture Content 
1 88.47 11.53 
2 88.57 11.44 
3 88.59 11.41 
4 88.39 11.62 
5 88.35 11.65 
6 88.57 11.43 
7 88.46 11.54 
RMS (Mean) 88.48 11.52 
RMS Deviation 0.10 0.10 
 
The average value of moisture content was calculated as 11.5 % with a 
variability of 0.1%. This value of moisture content for the groundnut shell 
samples is in agreement to values given in literature. The moisture content 
percentage was also sufficient for gasification to take place in downdraft mode 
of gasification [Knoef et al., 2005]. 
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4.2.1.4 Moisture Content for Rice Husks 
 
The results of the moisture content for rice husks calculated from seven 
samples are shown in Table 9. 
 
Table 9: Percentages of total solids and moisture content for rice husks 
 
Sample Number %Total Solids % Moisture Content 
1 90.44 9.56 
2 90.40 9.60 
3 90.56 9.44 
4 90.79 9.22 
5 90.49 9.51 
6 90.70 9.30 
7 90.78 9.22 
RMS (Mean) 90.59 9.41 
RMS (Deviation) 0.16 0.16 
 
The average percentage of moisture content for the rice husks was calculated 
as 9.4% with a variability of 0.2%. This value of the average moisture content 
for the rice husk was in line with values given in various literature sources 
[Knoef et al., 2005]. The gasification process of rice husks was therefore 
possible in downdraft mode. 
 
 
4.2.1.5 Moisture Content for Bagasse 
 
Seven samples were used to calculate the moisture content of the bagasse 
and the results are tabulated in Table 10. 
 
Table 10: Percentages of total solids and moisture content for bagasse 
 
Sample Number %Total Solids % Moisture Content 
1 88.93 11.07 
2 89.55 10.45 
3 89.73 10.27 
4 90.76 9.24 
5 89.73 10.27 
6 90.47 9.53 
7 90.52 9.48 
RMS (Mean) 89.96 10.04 
RMS (Deviation) 0.65 0.65 
 
The calculated average value of the moisture content for the bagasse 
samples was 10.0% with a variability of 0.7%. This value is in line with the 
values presented in literature.  
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4.2.2 Ash Content 
 
The average ash content was computed based on the oven dry weight of 
each of the samples. The use of the oven dry weight was necessary in order 
to obtain the actual weight of the sample alone that was being used to obtain 
the ash content. 
 
 
4.2.2.1 Ash Content for Coffee Husks 
 
The ash contents for coffee husks are presented in Table 12. Five samples 
were used to obtain the ash content of the coffee husks.  
 
Table 11: Oven dry weight, ash and combustibles percentages for coffee husks 
  
Sample Number Oven Dry 

weight/g 
% Ash Content % Combustibles 

1 10.44 26.65 73.35 
2 9.60 16.52 83.48 
3 8.21 14.68 85.32 
4 9.00 18.19 81.82 
5 11.62 19.30 80.71 
RMS (Mean) 9.78 19.07 80.93 
RMS (deviation) 1.18 4.100 4.584 
 
The mean ash content percentage was 19%. This ash content is considerably 
high, which implies that the gasification of coffee husks, due to the high ash 
content present in the coffee husks, will have sintering problems. Indeed 
during the gasification of coffee husks sintering problems were observed 
characterized by the agglomeration of the particles at the sides of the gasifier 
reactor. The high ash content also meant that the percentage of combustibles 
was decreased (80.9%). This caused the reactivity in the gasifier to be 
reduced and the time for the gasification (3.67 hours). It is also worth noting 
that the amount of wastes from the gasification of coffee husks was at about 
4.5 kg. 
 
 
4.2.2.2 Ash Content for Groundnut Shells 
 
The ash content in ground nuts was determined as shown in Table 13. The 
mean ash content percentage was 4.2% This is considerably low, which 
implies that the gasification of groundnut shells in downdraft mode of 
operation should occur considerably well as issues pertaining to high ash 
content feedstock, like sintering problems are not there. Also, the high 
percentage of combustibles (95.8%) shows that the reactions in the 
gasification process will be fast. This is evident by the fact that the gasification 
time for the groundnut shells was 1.33 hours. 
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Table 12: Oven dry weight, ash and combustible percentage for groundnut shells 
 
Sample Number Oven Dry 

weight/g 
% Ash Content % Combustibles 

1 5.62 5.75 94.25 
2 5.64 5.94 94.06 
3 4.34 3.39 96.61 
4 4.22 3.81 96.19 
5 4.05 3.66 96.34 
6 2.89 3.28 96.72 
7 1.91 3.85 96.15 
RMS (Mean) 4.10 4.24 95.76 
RMS (deviation) 1.35 1.12 1.12 
 
 
4.2.2.3 Ash Content for Rice Husks 
The mean ash content of rich husks was determined as was 25.8% (Table 
14). The high ash content implies that the gasification of rice husks can have 
sintering problems. This explains the fact that particles of rice husks tended to 
agglomerate at the sides of the gasifier. This also resulted in the time for the 
gasification of rice husks to be considerably high at 2.5 hours compared with 
groundnut shells at 1.3 hours 
 
Table 13: Oven dry weight and ash percentage for rice husks 
 
Sample Number Oven Dry 

weight/g 
% Ash Content % Combustibles 

1 9.12 25.64 74.36 
2 8.98 26.01 73.99 
3 5.97 25.56 74.44 
4 6.01 26.82 73.18 
5 5.34 24.57 75.44 
6 3.19 26.06 76.94 
7 2.42 27.22 73.78 
RMS (Mean) 5.86 25.84 74.16 
RMS (deviation) 2.57 0.698 0.698 
 
 
4.2.2.4 Ash Content for Bagasse 
The bagasse samples had average ash content 2.8% (Table 15). This 
percentage of ash content is very low. This low ash content of the bagasse 
samples was evident also in the amount of solid waste collected after the 
gasification process, which was 1.75kg 
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Table 14: Oven dry weight and percentage ash content for bagasse 
 
Sample Number Oven Dry 

weight/g 
% Ash Content % Combustibles 

1 2.77 2.75 97.26 
2 2.78 2.38 97.63 
3 2.49 2.61 97.40 
4 2.32 2.56 97.44 
5 2.12 5.43 94.57 
6 1.26 1.79 98.21 
7 0.75 2.20 97.80 
RMS (Mean) 2.07 2.82 97.19 
RMS (deviation) 0.78 1.19 1.19 
 
 
4.2.3 Bulk Density 
 
The bulk density for five samples from each agricultural residue was obtained 
using the following relation: 
 

   
   

weight of fuelBulk Density
volume of the container

=  

 
The average value for the bulk density was then computed and the results are 
shown in the table below: 
 
 
Table 15: Bulk density for the agricultural residue 
 
Agricultural Residue  Bulk density (kg/m3) 
Maize Cobs 186.3 
Rice Husks 132.1 
Bagasse 65.6 
Coffee Husks 205.6 
Groundnut Shells 90.8 
 
Bagasse had the lowest measured bulk density at 65.6kg/m3. This was 
followed by groundnut shells with a bulk density of 90.8 kg/m3, then rice husks 
with a bulk density of 132.1 kg/m3, maize cobs with a bulk density of 186.3 
kg/m3 and finally coffee husks with a bulk density of 205.6 kg/m3. Agricultural 
residues with lower bulk density have a lower energy density or potential 
energy available per unit volume.  
 
Bulk density is also an indicator of residence time in the gasifier ultimately 
determining the conversion efficiency of the gasification process. Agricultural 
residues with high bulk densities, such as coffee husks, maize cobs and rice 
husks, had longer residence times in the gasifier reactor of 3.67 hours, 1.75 
hours and 2.5 hours, respectively. Due to these times recorded for the 
gasification process, the conversion efficiency of this feedstock was also 
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higher, with the exception of groundnut shells. The bulk density of bagasse 
was low, but it had a longer residence time inside the gasifier. It should 
however be noted that despite the long time taken during the gasification of 
bagasse, the final producer gas sample showed 0 percent of methane and 
ethylene, a possible indicator that gas was no longer being produced, hence 
showing that the conversion efficiency was low. 
 
 
4.2.4 Volatile Matter 
 
The percentage of volatile matter for the agricultural residues was obtained 
from three samples of each agricultural residue under consideration: 
 

        % 100% 100
   

Weight of container and fuel after heating Weight of containervolatilematter
Weight of fuel alone

⎡ ⎤⎛ ⎞−
= − ×⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 

The average value of the volatile matter content percentage was then 
computed and the results are shown in Table 17. 
 
Table 16: Volatile matter for the agricultural residues 
 
Agricultural Residue Volatile Matter (%) 
Maize Cobs 70.0 
Rice Husks 66.3 
Bagasse 95.9 
Coffee Husks 74.5 
Groundnut Shells 80.2 
 
4.2.5 Particle Size 
 
The particle sizes of the agricultural residues that were used in the gasifier 
were categorized for each of the agricultural residues. The average length for 
each agricultural residue was obtained from at least 30 samples.  
 
 
4.2.5.1 Particle Size distribution for Maize Cobs 
 
The length of the maize cobs sampled varied from a maximum length of 
212.33mm to a minimum of 78.57mm. The standard deviation of the samples 
was 31.8134mm. The mean particle size of the maize cobs was calculated as 
132.673mm. The size of this feedstock was therefore medium and sufficient 
for the gasification process to take place. This was due to the fact that the 
size of the maize cobs allowed for obstruction of feedstock flow. This size 
however caused the surface area for contact to be less and reaction with the 
gasifying medium, which in this case was air, to be decreased. This resulted 
in a lower heating rate which caused more char and condensate to be 
produced.  
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Figure 15: Particle size distribution for Maize Cobs 
 
 
4.2.5.2 Particle Size distribution for Coffee Husks 
 
The length of the coffee husks sampled varied from a maximum length of 
13.04mm to a minimum of 3.73mm. The standard deviation of the samples 
was 2.533mm. The mean particle size of the coffee husks was calculated as 
7.878mm. The size of this feedstock was sufficient for the gasification process 
to take place in the downdraft mode of operation, but due to this low particle 
size, there was an increase in pressure drop across the gasifier, which 
resulted in an explosion on one occasion when more feedstock was added.  
 
However, this smaller particle size meant that the surface area for contact and 
reaction with the gasification medium (air) was increased. Due to the nature of 
the particle sizes of coffee husks, there was a tendency of agglomeration of 
the particles during gasification and a creation of a “hole” in the reactor during 
the gasification process. 
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Figure 16: Particle size distribution for coffee husks 
 
 
4.2.5.3 Particle Size distribution for Rice Husks 
 
The length of the rice husks sampled varied from a maximum length of 
10.55mm to a minimum of 6.61mm. The standard deviation of the samples 
was 0.888mm. The mean particle size of the rice husks was calculated as 
8.805mm. The size of this feedstock was therefore sufficient for the 
gasification process to take place in downdraft mode.  
 
As in the gasification of coffee husks, due to the particle size distribution of 
the rice husks, a “hole” was formed in the reactor of the gasifier due to 
agglomeration of the feedstock. There was also an increased pressure drop 
across the gasifier, which was characterized by the gasifier rig, making a 
shrieking kind of sound as well as vibrating when the feedstock inlet was 
opened to allow the mixing of the feedstock that had become lumped together 
on the sides of the gasifier. The time required for gasification of the rice husks 
was 2.5 hours. The small size of the rice husk particles meant that they 
provided a larger surface area for contact and reaction with air.  
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Figure 17: Particle size distribution for rice husks 
 
 
4.2.5.4 Particle Size distribution for Bagasse 
 
The length of the bagasse sampled varied from a maximum length of 
136.02mm to a minimum of 9.63mm. The standard deviation of  the samples 
was 21.89mm. The mean particle size of the bagasse was calculated as 
37.899mm. The size of this feedstock was therefore sufficient for the 
gasification process to take place in downdraft mode.  
 
The particle size distribution of bagasse posed a number of challenges 
particularly due to the fact that when the bagasse is being handled, the 
particles disintegrate to form minute particles. These minute particles were 
responsible for clogging the gasifier system and causing the pressure drop 
across the gasifier to increase. This increment in pressure drop was not 
measured but was observed again by the shrieking sound produced by the 
gasifier and the vibrations produced by the gasifier.  
 
The variation of the bagasse particles also means that some particles have a 
larger surface area of contact resulting in faster heating rates whereas other 
particles have a smaller surface area of contact and reaction.  
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Figure 18: Particle size distribution for bagasse 
 
 
4.2.5.5 Particle Size distribution for Groundnut shells 
 
The length of the groundnut shells sampled varied from a maximum length of 
29.53mm to a minimum length of 12.95mm. The standard deviation of the 
samples was 4.609mm. The mean particle size of the groundnut shells was 
calculated as 21.05mm. 
 
It also worth noting that during the gasification of the groundnut shells, the 
gasifier feedstock inlet was opened to add more feedstock during the 
gasification process, with no problem at all. This is due to the fact that the 
shells size distribution allows for air to flow through the particle spaces. The 
groundnut shells also provided a larger surface area for contact and reaction 
with air, thus a faster heating rate with less char and condensate being 
produced. 
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Figure 19: Particle size distribution for groundnut shells 
 
 
4.3 Gasification Operation in downdraft mode 
 
In this section the results of the factors affecting the gasifier operation were 
presented. The composition and heating value of producer gas obtained are 
also shown. The temperature variations are presented for the drying, 
pyrolysis, reduction, oxidation zones, ash point, gas exit after cyclone and in 
the heater of the sampling unit are presented. 
 
 
4.3.1 Fuel properties of the agricultural residues 
 
The fuel properties of the agricultural residues were important in obtaining the 
energy in the fuel. The energy in the fuel is an important parameter in the 
energy balance equation: 
 

( )

( )
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Where
E Energy in the fuel kW

E Energy in produced gas energy kW

E Energy losses kW
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Table 17: Properties of selected agricultural residues [Enheten för 
biomassateknologi och kemi, SLU, Umeå, 2005] 
 
Property Groundnut 

Shells 
Maize 
Cobs 

Rice 
Husks 

Coffee 
Husks 

Bagasse 

C% wt. dry 
matter 

46.8 47.4 34.4 46.0 47.9 

H% wt. dry 
matter 

5.8 5.8 4.4 5.2 5.6 

N% wt. dry 
matter 

0.8 0.2 0.4 1.7 0.2 

O% wt. dry 
matter 

33.0 45.0 33.5 38.5 42.9 

Ash% wt. 
dry matter 

13.6 1.6 27.3 8.6 3.4 

Eff. 
Heating 
value dry 
matter 
(MJ/kg) 

17.27 17.54 13.37 17.08 17.84 

 
 
4.3.2 Gas composition 
 
The gas composition for producer gas generated for each agricultural 
feedstock was obtained. The gas constituents consisted of Hydrogen, H2, 
Oxygen, O2, Nitrogen, N2, Carbon monoxide, CO, Methane, CH4, Carbon 
dioxide, CO2, and Ethylene, C2H4. 
 
 
4.3.2.1 Producer gas composition for gasified Groundnut Shells 
 
From the results obtained in Table 19, it was observed that only samples 2, 3 
and 4, had the total gas composition as 100%±5%. It can be therefore 
concluded that substantial closure errors were observed. The reason for this 
was due to the presence of tars in the gas and particulate matter in the gas. 
This was particularly true for producer gas sample1 and producer gas sample 
5. It should also be noted that for sample 2 and sample 4 the total percentage 
(even though in the acceptable range of 5%) was greater than 100 percent 
due to the presence of moisture in the producer gas. 
 
The burnable gas concentration (% Volume) is determined as the summation 
of all the components in the producer gas that directly contribute to the 
heating value of the gas.  
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Table 18: Producer gas composition for gasified Groundnut Shells 
 

 %H2 %O2 %N2 %CO %CH4 %CO2 %C2H4 %Total
Calibration Gas 1 25.00 0.96 55.50 10.00 1.50 6.00 2.00 100.96
Normal Air  20.90 78.00     98.90 
Producer Gas 1 18.75 5.08 45.94 11.43 1.23 6.96 0.36 89.76 
Producer Gas 2 25.00 5.56 52.93 12.86 0.77 7.58 0.18 104.88
Producer Gas 3 25.00 5.94 47.05 12.86 1.62 8.04 0.27 100.77
Producer Gas 4 18.75 10.16 55.32 11.43 1.31 7.64 0.27 104.88
Producer Gas 5 25.00 3.64 37.31 10.00 1.00 5.60 0.18 82.74 
Mean 22.50 6.08 47.71 11.71 1.18 7.17 0.25 96.61 
Standard Dev. 0.034 0.024 0.070 0.012 0.003 0.010 0.001 0.100 

 
 
4.3.2.2 Producer gas composition for gasified Coffee Husks 
 
From the results shown in Table 20, it was observed that only gas samples 2, 
4 and 5 had the total composition as 100%±5%. The reason for this was due 
to the presence of tars in the gas and particulate matter in the gas. This was 
particularly true for producer gas sample 1 and producer gas sample 3. It 
should also be noted that for sample 5 the total percentage (even though in 
the acceptable range of 5%) was greater than 100% due to the presence of 
moisture in the producer gas. 
 
Table 19: Producer gas composition for gasified coffee husks 
 

  %H2 %O2 %N2 %CO %CH4 %CO2 %C2H4 %Total
Calibration Gas 1 25.10 0.73 55.50 10.00 1.50 6.00 2.00 100.83
Normal Air  20.90 78.00     98.90 
Producer Gas 1 15.06 6.32 44.65 6.50 1.41 11.47 0.50 85.90 
Producer Gas 2 20.08 5.75 51.88 9.50 1.13 11.85 0.25 100.44
Producer Gas 3 15.06 5.75 51.25 8.00 0.47 5.16 0.00 85.70 
Producer Gas 4 20.08 6.24 52.51 10.00 1.13 10.94 0.25 101.14
Producer Gas 5 15.06 11.18 56.92 10.00 0.94 10.94 0.25 105.28
Mean 17.07 7.05 51.44 8.80 1.01 10.07 0.25 95.69 
Standard Dev. 0.028 0.023 0.044 0.015 0.004 0.028 0.002 0.092 

 
 
4.3.2.3 Producer gas composition for gasified Maize Cobs 
 
From the results obtained, it was observed that only gas samples 1, 2, 4 and 
5 had the total composition as 100%±5%. It can be therefore concluded that 
substantial closure errors were observed for the rest of the producer gas 
sample 3 and producer gas sample 6 and producer gas sample 7. The reason 
for this was due to the presence of tars in the gas and particulate matter in the 
gas. In fact, this substantial closure error was observed to be greatest in the 
gas composition samples for maize cobs.  
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Table 20: Producer gas composition for gasified maize cobs 
 

  %H2 %O2 %N2 %CO %CH4 %CO2 %C2H4 %Total
Calibration Gas 1 25.10 0.73 55.50 10.00 1.50 6.00 2.00 100.83
Normal Air  20.90 78.00     98.90 
Producer Gas 1 20.08 5.83 56.13 7.00 1.64 13.97 0.50 105.16
Producer Gas 2 15.06 5.67 55.03 7.00 1.13 10.41 0.25 94.54 
Producer Gas 3 10.04 4.62 43.71 5.50 1.22 10.48 0.00 75.57 
Producer Gas 4 10.04 6.16 57.54 8.00 0.84 12.08 0.38 95.04 
Producer Gas 5 20.08 5.27 56.60 9.00 1.31 11.16 0.38 103.80
Producer Gas 6 10.04 4.70 50.15 8.00 0.70 6.53 0.13 80.25 
Producer Gas 7 10.04 4.29 37.10 5.00 0.56 8.81 0.00 65.81 
Mean 13.63 5.22 50.90 7.07 1.06 10.49 0.23 88.59 
Standard Dev. 4.77 0.70 7.78 1.43 0.38 2.37 0.20 14.95 

 
 
4.3.2.4 Producer gas composition for gasified Rice Husks 
 
For rice husks three gas samples of producer gas were collected and 
analyzed in the GC machine. The results are shown in Table 22. 
 
Table 21: Gas composition of producer gas from rice husks  
  

  %H2 %O2 %N2 %CO %CH4 %CO2 %C2H4 %Total
Calibration Gas 1 25.10 0.00 55.50 10.00 1.50 6.00 2.00 100.10
Normal Air  20.90 78.00     98.90 
Producer Gas 1 8.37 4.69 63.34 12.86 4.54 4.50 0.11 98.41 
Producer Gas 2 8.37 5.10 65.89 11.43 10.38 8.11 0.22 109.51
Producer Gas 3 8.37 4.94 64.13 10.71 6.49 6.82 0.11 101.56

 
From the results obtained, it was observed that producer gas sample 1 and 
producer gas sample 3 had the total composition as 100%±5%. It can be 
therefore concluded that substantial closure errors were observed in the 
producer gas sample 2. The reason for this increase in the total gas 
composition for producer gas sample 2 was due to the presence of moisture 
in the gas sample. 
 
 
4.3.2.5 Producer gas composition for gasified Bagasse 
 
Three samples were analyzed in the 3BT GC machine to determine the gas 
composition of the gas samples. The percentages of these gas compositions 
were necessary in calculating the lower heating value of the producer gas. 
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Table 22: Gas composition for producer gas from bagasse 
 

  %H2 %O2 %N2 %CO %CH4 %CO2 %C2H4 %Total
Calibration Gas 1 25.10 0.73 55.50 10.00 1.50 6.00 2.00 100.83
Normal Air  20.90 78.00     98.90 
Producer Gas 1 15.06 4.70 57.23 12.00 0.28 8.05 0.00 97.32 
Producer Gas 2 15.06 4.54 56.44 12.00 0.23 7.37 0.00 95.64 
Producer Gas 3 5.02 4.21 57.39 12.50 0.00 7.52 0.00 86.64 

 
From the results obtained, it was observed that only producer gas sample 1 
and producer gas sample 2 had the total composition as 100%±5%. It can be 
therefore concluded that substantial closure errors were observed for 
producer gas sample 3. The reason for this closure error was due to the 
presence of tar and particulate matter in the producer gas samples. It should 
also be observed that for producer gas sample 3, the percentage of CH4 in 
the producer gas was 0 percent. Also for producer gas sample 3 the 
composition of H2 was 5.02 percent, which was considerably lower to 15.06 
percent observed in producer gas samples 1 and 2.  
 
 
4.4 Lower Heating Value  
 
The lower heating value for the producer gas sampled was determined at 
different sampling times. 
 
 
4.4.1 Heating value for gasified groundnut shells 
 
The lower heating value for the producer gas samples from the gasification of 
groundnut shells was obtained at different intervals. The results are shown in 
the Table 24. 
 
Table 23: LHV for producer gas from groundnut shells  
 
  Time after torching (Min.) LHVgas(MJ/Nm3) 
Producer Gas 1 21 4.2 
Producer Gas 2 28 4.8 
Producer Gas 3 36 5.1 
Producer Gas 4 49 4.2 
Producer Gas 5 61 4.5 

 
The maximum lower heating value was 5.1MJ/Nm3 while the lowest 4.1 
MJ/Nm3. In general, the results show an increasing heating value during the 
gasification process except at 49 minutes when the gasifier was reloaded with 
feedstock.  
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4.4.2 Heating values for gasified coffee husks 
 
The results show that the highest lower heating value was 4.0MJ/Nm3. Again, 
due to the feeding method used with this type of gasifier, optimum values of 
the lower heating values could not be ascertained. The trend observed was 
for peaks and lows at different sampling times. 
 
Table 24: LHV for producer gas from coffee husks 
 

  
Time after 
torching (Min.) LHVgas(MJ/Nm3)

Producer Gas 1 90 3.4 
Producer Gas 2 95 4.0 
Producer Gas 3 100 2.8 
Producer Gas 4 105 4.0 
Producer Gas 5 120 3.4 

 
 
4.4.3 Heating values for gasified maize cobs 
 
The highest lower heating value of 4.1MJ/Nm3 was obtained after 55 minutes 
from the torching time. After 75 minutes the lower heating value was the 
lowest at 1.9MJ/Nm 3. From this analysis, it can be concluded that gas of high 
quality is produced intermittently because the producer gas samples with the 
higher lower heating values were sample 1 and sample 5. 
 
Table 25: LHV of producer gas from maize cobs 
 

  
Time after 
torching (Min.) LHVgas(MJ/Nm3)

Producer Gas 1 22 4.0 
Producer Gas 2 25 3.1 
Producer Gas 3 30 2.2 
Producer Gas 4 40 2.7 
Producer Gas 5 55 4.1 
Producer Gas 6 65 2.5 
Producer Gas 7 75 1.9 

 
 
4.4.4 Heating values for gasified rice husks 
 
From the results in Table 27, the highest value of the lower heating value was 
6.3MJ/Nm3 obtained after 85 minutes from the torching time. However, it 
should be noted that the total gas composition for producer gas sample 2 was 
about 109 percent an indication of moisture in the producer gas. 
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Table 26: LHV for producer gas from rice husk 
 

  
Time after 
torching (Min.) LHVgas(MJ/Nm3)

Producer Gas 1 70 4.3 
Producer Gas 2 85 6.3 
Producer Gas 3 105 4.7 

 
 
4.4.5 Heating values for gasified bagasse 
 
It was observed that the highest lower heating value was calculated as 
3.3MJ/Nm3, which was sampled 20 minutes after torching. The lowest lower 
heating value was 2.1MJ/Nm3. 
 
Table 27: LHV of producer gas from bagasse 
 

  
Time after 
torching (Min.) LHVgas(MJ/Nm3)

Producer Gas 1 20 3.3 
Producer Gas 2 30 3.2 
Producer Gas 3 85 2.1 

 
 
4.5 Energy Balance for the gasification processes 
 
The energy balance for the gasification process of the agricultural residues 
was performed. This energy balance was performed for the general 
assumption that the exit temperature of the gas from the reactor was 8000C. 
The inlet state was assumed to be 298K (250C). 
 
 Another assumption used in the performance of this energy balance was that 
the gasification process was assumed to be adiabatic. This assumption is 
consistent with literature [Zainal et al., 2001]. 
 
In performing the energy balance Engineering Equation Solver (Academic 
Professional) was used. A code of the energy balance for the gasification 
process was written. 
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Table 28: Enthalpies of the various components of producer gas 
 
Producer gas component Enthalpy, 0

,T ih  (kJ/kmol) 
Carbon monoxide, CO 22475.0 
Carbon dioxide, CO2 37600.7 
Hydrogen, H2 22883.2 
Nitrogen, N2 23878.5 
Methane, CH4 27659.8 
Ethylene, C2H4 33247.5 
Oxygen, O2 23528.5 
 
In order to obtain the density of the producer gas, the densities of the 
components were considered at their respective percentage volumes. The 
density of the mixture was then calculated from the following expression: 
 

(% .  )mix gas componentvol gas componentρ ρ ρ= = ×∑ …………………………..eqn. (23) 
 
Table 29: Density of each of the components of producer gas 
 
Producer gas component Density (kg/m3) 
Carbon monoxide, CO 1.250 
Carbon dioxide, CO2 1.977 
Hydrogen, H2 0.0899 
Nitrogen, N2 1.430 
Methane, CH4 1.251 
Ethylene, C2H4 1.178 
Oxygen, O2 1.430 
 
Using this concept, the density of the producer gas was obtained as 
1.0952kg/m3. 
 
The air blast velocity into the reactor was calculated using the continuity 
equation as follows: 
 

7

       
      
         int   
       int   

i i h h

i

i

h

h

AV A V
where
A is the area of the air inlet
V is the velocity of the air
A is the area of the holes allowing air o the reactor
V is the velocity of the air o the reactor

= ×

……………….eqn. (24) 

 
The average measured air inlet velocity into the gasifier varied between 1m/s 
to 6.5m/s. The variation in the air inlet speed was different for the gasification 
of different agricultural residues. The density of air was taken as 1.22kg/m3.  
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Figure 20: Gasification rates for the agricultural residues 
 
Figure 20 shows the gasification rate of the agricultural residues under 
consideration. Groundnut shells had the highest gasification rate of 
17.857kg/h with bagasse having the lowest gasification rate of 5.867kg/h. 
 
 
4.5.1 Energy Balance for gasification of groundnut shells 
 
The measured average inflow air speed during the gasification of groundnut 
shells varied from 3m/s to 6.5m/s. An energy balance for the gasification 
process at air inflow speeds of 3m/s, 3.5m/s, 4m/s, 4.5m/s, 5m/s, 5.5m/s, 
6m/s and 6.5m/s was done. Engineering Equation Solver was used to perform 
the energy balance. 
 
Table 30: Energy flows of groundnut shell gasification 
 
Energetic 
flow (kW) 

Vin=3 Vin=3.5 Vin=4 Vin=4.5 Vin=5 Vin=5.5 Vin=6 Vin=6.5

85.66 85.66 85.66 85.66 85.66 85.66 85.66 85.66 Ef  
Ea  0 0 0 0 0 0 0 0 

Eu 29.12 33.97 38.82 43.67 48.53 53.38 58.23 63.08 
Es 7.18 8.37 9.57 10.77 11.96 13.16 14.35 15.55 

 
Eg  

Etotal 36.29 42.34 48.39 54.44 60.49 66.54 72.59 78.63 
Ecw 4.18 4.18 4.18 4.18 4.18 4.18 4.18 4.18 
Eash 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77 
Ewall 44.42 38.38 32.33 26.28 20.23 14.18 8.131 2.08 

 
 
El  

Etotal 49.37 43.32 37.27 31.22 25.18 19.13 13.08 7.03 
 
Table 31 shows the variation in the energetic flow during the gasification of 
groundnut shells at various air inflow speeds into the gasifier. The speeds of 
the air inlet into the gasifier that were measured were in complete synchrony 
with the values necessary for positive values of the energy balance. It was 
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observed that as the air inlet speed into the gasifier increased, the energy 
available in the gas also increased proportionally.  
 
Another observation from the energy balance was the fact that the energy 
losses reduced as the air inlet speed increased. At an air inlet speed of 3m/s, 
the energy available in the gas was 36.29kW and the energy losses were 
49.37kW, while at an air inlet speed of 6.5m/s, the energy available in the gas 
was 78.63kW and the energy losses were 7.03kW. The reason for this is due 
to the fact that as the air inflow speed increases into the gasifier to a certain 
limit, then the amount of gas generated by the system increases based on the 
percentage of nitrogen in the gas composition. The increase in the energy 
available in the gas was also due to the increase in the sensible energy which 
is directly proportional to the gas mass flow rate. 
 
The variation in the cold gas efficiency at the different air inflow speeds was 
obtained and the results are shown in Figure 21. This showed that the 
maximum cold gas efficiency that this gasifier system could attain as about 
74%. 
 

 
 
Figure 21: Cold gas efficiency for gasification of groundnut shells  
 
 
4.5.2 Energy Balance for gasification of coffee husks 
 
The measured average air inflow speed during the gasification of coffee husks 
varied from 2.5m/s to 4.5m/s. An energy balance for the gasification process 
at air inflow speeds of 2.5m/s, 3m/s, 3.5 m/s, 4m/s, and 4.5m/s was 
performed using Engineering Equation Solver (EES). The results are shown in 
Table 32. 
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Table 31: Energy flows for coffee husk gasification 
 

Energetic flow 
(kW) 

Vin=2.5 Vin=3 Vin=3.5 Vin=4 Vin=4.5 

47.22 47.22 47.22 47.22 47.22 Ef  
Ea  0 0 0 0 0 

Eu 18.53 21.99 25.66 29.33 32.99 
Es 5.22 6.26 7.31 8.35 9.40 

 
Eg  

Etotal 23.55 28.26 32.97 37.68 42.39 
Ecw 3.03 3.03 3.03 3.03 3.03 
Eash 0.56 0.56 0.56 0.56 0.56 
Ewall 20.08 15.38 10.67 5.956 1.246 

 
 
El  

Etotal 23.68 18.97 14.26 9.55 4.84 
 
As with groundnut shells, the energy available in the gas also increased 
proportionally with an increase in air speed. At an air inlet speed of 2.5m/s, 
the energy available in the gas was 23.55kW and the energy losses were 
23.68kW, while at an air inlet speed of 4.5m/s, the energy available in the gas 
was 42.39kW and the energy losses were 4.837kW. The cold efficiency 
variations are shown in Figure 22. 
 
 

 
 
Figure 22: Cold gas efficiency for gasification of coffee husks  
 
 
4.5.3 Energy Balance for gasification of maize cobs 
 
The measured average inflow air speed during the gasification of maize cobs 
varied from 3.5m/s to 6m/s. The results of the energy balance are tabulated in 
Table 33. 
 
Air an air inlet speed of 3.5m/s, the energy available in the gas was 30.99kW 
and the energy losses were 48.35kW, while at an air inlet speed of 6m/s, the 
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energy available in the gas was 53.13kW and the energy losses were 
26.22kW. 
 
Table 32: Energy flows for maize cob gasification 
 
Energetic flow 
(kW) 

Vin=3.5 Vin=4 Vin=4.5 Vin=5 Vin=5.5 Vin=6 

79.35 79.35 79.35 79.35 79.35 79.35 Ef  
Ea  0 0 0 0 0 0 

Eu 23.76 27.15 30.55 33.94 37.34 40.73 
Es 7.23 8.27 9.30 10.33 11.37 12.4 

 
Eg  

Etotal 30.99 35.42 39.85 44.28 48.7 53.13 
Ecw 2.12 2.12 2.12 2.12 2.12 2.12 
Eash 0.38 0.38 0.38 0.38 0.38 0.38 
Ewall 45.85 41.43 37 32.57 28.14 23.72 

 
 
El  

Etotal 48.35 43.93 39.5 35.07 30.64 26.22 
 
The cold gas efficiency at the different air inflow speeds was obtained and is 
shown in Figure 23. 
 
 

 
 
Figure 23: Cold gas efficiency for gasification of maize cobs  
 
 
4.5.4 Energy Balance for gasification of bagasse 
 
During the gasification of bagasse, it was observed that the measured value 
of the air inflow speed varied from 1m/s to 3.5m/s. The energy balance results 
are shown in Table 34. 
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Table 33: Energy flows of bagasse gasification 
 
Energetic flow 
(kW) 

Vin=1 Vin=1.5 Vin=2 Vin=2.5 Vin=3 Vin=3.5 

29.07 29.07 29.07 29.07 29.07 29.07 Ef  
Ea  0 0 0 0 0 0 

Eu 5.63 8.44 11.26 14.07 16.88 19.7 
Es 1.86 2.78 3.71 4.64 5.56 6.49 

 
Eg  

Etotal 7.48 11.22 14.96 18.71 22.71 26.19 
Ecw 0.86 0.86 0.86 0.86 0.86 0.86 
Eash 0.14 0.14 0.14 0.14 0.14 0.14 
Ewall 20.59 16.85 13.1 9.364 5.623 1.882 

 
 
El  

Etotal 21.59 17.85 14.11 10.37 6.628 2.887 
 
 
At an air inlet speed of 1m/s, the energy available in the gas was 7.482kW 
and the energy losses were 21.59kW, while at an air inlet speed of 3.5m/s, 
the energy available in the gas was 26.19kW and the energy losses were 
2.887kW.  
 
The variation in the cold gas efficiency at the different air inflow speeds is 
shown in Figure 24.  
 

 
 
Figure 24: Cold gas efficiency for gasification of bagasse at varying air inflow speeds 
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4.5.5 Energy Balance for gasification of rice husks 
 
During the gasification of rice husks, it was observed that the measured value 
of the air inflow speed varied from 2m/s to 3.1m/s. The results of the energy 
balance are shown in Table 35. 
 
Table 34: Energy flows of rice husk gasification 
 

Energetic flow (kW) Vin=2 Vin=2.5 Vin=3 Vin=3.1 
31.12 31.12 31.12 31.12 Ef  

Ea  0 0 0 0 
Eu 13.85 17.31 20.77 21.46 
Es 3.18 3.97 4.77 4.93 

 
Eg  

Etotal 17.03 21.28 25.54 26.39 
Ecw 3.71 3.71 3.71 3.71 
Eash 0.67 0.67 0.67 0.67 
Ewall 9.72 5.46 1.21 0.35 

 
 
El  

Etotal 14.1 9.84 5.58 4.73 
 
At an air inlet speed of 2m/s, the energy available in the gas was 17.03kW 
and the energy losses were 14.1kW, while at an air inlet speed of 3.1m/s, the 
energy available in the gas was 26.39kW and the energy losses were 
4.731kW.  
 
Figure 25 shows the variation in the cold gas efficiency at the different air 
inflow speeds. 
 
 

 
 
Figure 25: Cold gas efficiency for gasification of rice husks at varying air inflow 
speeds 
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4.6 Temperature variation during the gasification process 
 
The temperature variations at different zones during the operation of the 
gasifier were observed. These different regions include the drying, pyrolysis, 
reduction and oxidation zones, ash bed, the gas exit and at the heater in the 
sampling unit.  
 
 
4.6.1 Temperature variation during coffee husk gasification 
 
The average moisture content for the coffee husks that were used in this 
gasification run was 14.4%. The temperature variations are shown in Figure 
26. The maximum temperature observed in the oxidation zone was 1125.80C. 
This recorded temperature is sufficient for the combustion processes that take 
place at the oxidation zone. The temperature ranges for the oxidation region 
temperature profile were staggered, but generally the observed temperatures 
were sufficient for the gasification reactions taking place with an average 
temperature during the gasification operation of 816.40C.  
 
In the reduction zone, the average temperature in the reduction zone was 
656.80C. This was sufficient for the reduction reaction taking place. The 
temperature profile in the pyrolysis zone had a maximum temperature of 
888.80C.The observed temperature of the ash residues from the experiment 
was generally a leveled trend with a maximum temperature of 485.60C. 
 
The maximum observed temperature in the drying zone of the gasifier was 
observed as 3270C. This temperature in the drying zone was sufficient to dry 
out the water vapor from the feedstock so that it can react with the air which is 
in limited supply. The maximum temperature of the gas exit after the cyclone 
was observed as 338.60C. 
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Figure 26: Temperature variation during gasification of coffee husks 
 
 
4.6.2 Temperature variation during groundnut shell gasification 
 
The average moisture content for the groundnut shells that were used in this 
gasification run was 11.5%. The temperature variation for the gasification of 
groundnut shells at different zones in the gasifier is in Figure 27. The 
maximum temperature observed in the oxidation zone was 1242.50C. 
 
The type of gasification taking place during the gasification of the groundnut 
shells as shown by the temperature profile is flaming pyrolytic gasification 
[Reed and Desrosiers, 1979]. This was due to the fact that the average 
temperature in the oxidation zone of the gasifier was 7200C, which was an 
indicator that the amounts of air passing through the reactor were 
considerably less. 
 
In the reduction zone, the average temperature in the reduction zone was 
672.20C. The average temperature in the pyrolysis zone was 612.50C.In the 
ash bed, the average temperature was 426.60C, whereas the average 
temperature in the drying zone was183.20C. The exit gas temperature was 
averagely 2680C with the maximum being 568.30C. 
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Figure 27: Temperature variation during the gasification of groundnut shells 
 
 
4.6.3 Temperature variation during maize cobs gasification 
 

 
 
Figure 28: Temperature variation during the gasification of maize cobs 
 
The average moisture content for the maize cobs that were used in this 
gasification run was 9.9 percent. The maximum temperature observed in the 
oxidation zone was 1085.80C with the average temperature about 7220C. 
 
The average temperature in the reduction zone was 811.80C while pyrolysis 
zone had average of 5190C. In the ash bed, the average temperature was 
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410.40C, whereas the in the drying zone, it was 169.40C. The average gas 
exit temperature was 290.60C.  
 
 
4.6.4 Temperature variation during rice husks gasification 
 
The gasification of rice has with a moisture content of 9.4% resulted in 
maximum oxidation temperature of 12090C. The reduction temperatures were 
not measured due failure of the thermocouple probe 
 

 
 
Figure 29: Temperature variation during rice husk gasification 
 
 
The average temperatures in the pyrolysis zone and ash bed were 4590C and 
414.60C respectively. The drying zone and gas exit point has average 
temperatures of 1410C and 2740C respectively. 
 
 
4.6.5 Temperature variation during bagasse gasification 
 
The average moisture content for the bagasse that was used in this 
gasification run was 10%. The maximum temperature observed in the 
oxidation zone was 978.30C, the average being about 6910C. In the reduction 
zone, the average temperature in the reduction zone was 7520C. The average 
temperature in the pyrolysis zone was 3390C. The average temperature in the 
ash bed was 3190C, whereas that in the drying zone was 49.20C.The average 
temperature in the gas exit after the cyclone was 2340C.  
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Figure 30: Temperature variation during bagasse gasification 
 
 
4.7 Gasification Parameters 
 
The gasification parameters that were calculated include the equivalence 
ratio, specific gasification rate, superficial velocity, gas flow rate and turndown 
ratio. Other gasification parameters like cold gas efficiency and lower heating 
value were calculated earlier. 
 
 
4.7.1 Equivalence Ratio 
 
Below are the results for the equivalence ratio during the gasification of the 
agricultural residues as the air inlet speed into the gasifier system was 
varying.  
 
 
4.7.1.1 Equivalence ratio during gasification of groundnut shells 
 
The equivalence ratio during the gasification of groundnut shells was 
calculated with the results shown in Figure 31. The minimum equivalence 
ratio was calculated as 0.13 for a speed of 3m/s. The maximum equivalence 
ratio was calculated as 0.286 for an air inlet speed of 6.5m/s. 
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Figure 31: Equivalence ratio during gasification of groundnut shells 
 
It is known that the equivalence ratio for optimum gasification is approximately 
0.25 [Knoef et al., 2005]. Therefore, for the gasification of groundnut shells 
this equivalence ratio of 0.25 was attained for air inflow speeds of about 
5.8m/s. 
 
 
4.7.1.2 Equivalence ratio during gasification of coffee husks 
 
The equivalence ratio during the gasification of coffee husks was calculated 
with the results shown in Figure 32. The minimum equivalence ratio was 
calculated as 0.197 for a speed of 2.5m/s. The maximum equivalence ratio 
was calculated as 0.335 for an air inlet speed of 4.5m/s. Therefore, optimum 
gasification was attained at the an air speed of 3.25m/s 
 

 
 
Figure 32: Equivalence ratio during gasification of coffee husks 
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4.7.1.3 Equivalence ratio during gasification of rice husks 
 
The minimum equivalence ratio was calculated as 0.188 for a speed of 2m/s. 
The maximum equivalence ratio was calculated as 0.291 for an air inlet speed 
of 3.1m/s. At air flow speed of 2.7m/s, the optimum gasification would be 
attained. 
 

 
 
Figure 33: Equivalence ratio during gasification of rice husks 
 
 
4.7.1.4 Equivalence ratio during gasification of bagasse 
 
The equivalence ratio during the gasification of bagasse was calculated with 
the results shown in Figure 34. The minimum equivalence ratio was 
calculated as 0.13 for a speed of 1m/s. The maximum equivalence ratio was 
calculated as 0.469 for an air inlet speed of 3.5m/s. Optimum gasification was 
attained at air flow speed of 1.75m/s 
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Figure 34: Equivalence ratio during gasification of bagasse 
 
 
4.7.1.5 Equivalence ratio during gasification of maize cobs 
 
The results of equivalence ratio calculations for the gasification of maize cobs 
are shown in Figure 35. The minimum equivalence ratio was calculated as 
0.169 for a speed of 3.5m/s. The maximum equivalence ratio was calculated 
as 0.289 for an air inlet speed of 6m/s. The optimum gasification at the 
equivalence ratio of 0.25 was attained at air flow speed of about 5.2m/s. 
 

 
 
Figure 35: Equivalence ratio during gasification of maize cobs 
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4.7.2 Superficial velocity and Specific Gasification rate 
 
4.7.2.1 Groundnut shell gasification 
 
The specific gasification rate was observed to increase with increase in air 
inflow speed. At an air inflow speed of 3m/s, the specific gasification rate was 
92.65kg/hr per m2, whereas, at an air inlet speed of 6.5m/s the specific 
gasification rate was 200.71kg/hr per m2. Also, at an air inlet speed of 3m/s 
the superficial velocity was 0.092m/s, while at an air inlet speed of 6.5m/s the 
superficial velocity of 0.199m/s. 
 
Table 35: Superficial velocity and specific gasification rate for groundnut shell 
gasification 
 
Air inflow 
speed (m/s) 3 3.5 4 4.5 5 5.5 6 6.5 
Gas mass 
flow(kg/hr) 24.48 28.57 32.64 36.71 40.79 44.87 48.95 53.03 
gas flow 
rate(Nm3/h) 20.34 23.73 27.12 30.51 33.90 37.29 40.67 44.06 
Specific gas 
production rate 
(Nm3/h per m2) 76.98 89.82 102.65 115.48 128.31 141.14 153.93 166.76
Superficial 
velocity (m/s) 0.092 0.107 0.122 0.138 0.153 0.168 0.183 0.199 
Specific 
gasification 
rate  
(kg/h per m2) 92.65 108.13 123.54 138.94 154.38 169.83 185.27 200.71
 
 
4.7.2.2 Bagasse gasification 
 
The specific gasification rate was observed to increase with increase in air 
inflow speed. At an air inflow speed of 1m/s, the specific gasification rate was 
25.92kg/h per m2, whereas, at an air inlet speed of 3.5m/s the specific 
gasification rate was 90.72kg/h per m2. Also, at an air inlet speed of 1m/s the 
superficial velocity was 0.026m/s, while at an air inlet speed of 3.5m/s the 
superficial velocity of 0.09m/s. These values of the superficial velocity were 
low indication that the pyrolysis reaction in the gasification of bagasse was 
relatively low resulting in producer gas with high tar content. 
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Table 36: Superficial velocity and specific gasification rate for bagasse gasification 
 
Air inflow speed 
(m/s) 1 1.5 2 2.5 3 3.5 
Gas mass 
flow(kg/hr) 6.848 10.27 13.7 17.12 20.54 23.97 
gas flow 
rate(Nm3/h) 5.69 8.535 11.38 14.23 17.07 19.92 
Specific gas 
production rate 
(Nm3/h per m2) 21.54 32.30 43.07 53.86 64.61 75.40 
Superficial 
velocity (m/s) 0.026 0.039 0.051 0.064 0.077 0.090 
Specific 
gasification rate 
(kg/h per m2) 25.92 38.87 51.85 64.80 77.74 90.72 

 
4.7.2.3 Coffee husk gasification 
 
At an air inflow speed of 2.5m/s, the specific gasification rate was 71kg/h per 
m2, whereas, at an air inlet speed of 4.5m/s the specific gasification rate was 
128.88kg/h per m2. Also, at an air inlet speed of 2.5m/s the superficial velocity 
was 0.071m/s, while at an air inlet speed of 4.5m/s the superficial velocity of 
0.128m/s. These values of the superficial velocity were relatively comparable 
to values in literature indicating that the pyrolysis reaction in the gasification of 
coffee husks was optimum [Knoef et al., 2005]. 
 
Table 37: Superficial velocity and superficial velocity for coffee husk gasification 
 

Air inflow speed 
(m/s) 2.5 3 3.5 4 4.5 
Gas mass 
flow(kg/hr) 18.92 22.7 26.954 30.27 34.05 
gas flow 
rate(Nm3/h) 15.72 18.86 22.01 25.15 28.29 
Specific gas 
production rate 
(Nm3/h per m2) 59.50 71.38 83.31 95.19 107.07 
Superficial 
velocity (m/s) 0.071 0.085 0.099 0.113 0.128 
Specific 
gasification rate 
(kg/h per m2) 71.61 85.92 102.02 114.57 128.88 

 
 
4.7.2.4 Maize cob gasification 
 
The specific gasification rate was observed to increase with increase in air 
inflow speed. At an air inflow speed of 3.5m/s, the specific gasification rate 
was 101.3kg/h per m2, whereas, at an air inlet speed of 6m/s the specific 
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gasification rate was 173.65kg/h per m2. Also, at an air inlet speed of 3.5m/s 
the superficial velocity was 0.1m/s, while at an air inlet speed of 6m/s the 
superficial velocity of 0.172m/s. These values of the superficial velocity were 
relatively comparable to values in literature indicating that the pyrolysis 
reaction in the gasification of maize cobs was optimum [Knoef et al., 2005]. 
 
Table 38: Superficial velocity and specific gasification rate for maize cob gasification 
 
Air inflow speed 
(m/s) 3.5 4 4.5 5 5.5 6 
Gas mass 
flow(kg/hr) 26.77 30.59 34.41 38.24 42.06 45.88 
gas flow 
rate(Nm3/h) 22.24 25.42 28.59 31.77 34.95 38.13 
Specific gas 
production rate 
(Nm3/h per m2) 84.18 96.21 108.21 120.25 132.28 144.32 
Superficial 
velocity (m/s) 0.100 0.115 0.129 0.143 0.158 0.172 
Specific 
gasification rate 
(kg/h per m2) 101.32 115.78 130.24 144.73 159.19 173.65 

 
 
4.7.2.5 Rice husk gasification 
 
The specific gasification rate was observed to increase with increase in air 
inflow speed. At an air inflow speed of 2m/s, the specific gasification rate was 
46.21kg/h per m2, whereas, at an air inlet speed of 3.1m/s the specific 
gasification rate was 71.65kg/h per m2. Also, at an air inlet speed of 2m/s the 
superficial velocity was 0.046m/s, while at an air inlet speed of 3.1m/s the 
superficial velocity of 0.071m/s. These values of the superficial velocity were 
low indication that the pyrolysis reaction in the gasification of bagasse was 
relatively low resulting in producer gas with high tar content. 
 
Table 39: Superficial velocity and specific gasification rate for rice husk gasification 
 
Air inflow speed 
(m/s) 2 2.5 3 3.1 
Gas mass 
flow(kg/hr) 12.21 15.27 18.32 18.93 
gas flow 
rate(Nm3/h) 10.15 12.69 15.22 15.73 
Specific gas 
production rate 
(Nm3/h per m2) 38.41 48.03 56.61 59.54 
Superficial 
velocity (m/s) 0.046 0.057 0.069 0.071 
Specific 
gasification rate 46.21 57.80 69.34 71.65 
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(kg/h per m2) 
 
 
4.7.3 Turn down ratio 
 
For gasifiers the turn down ratio is typically 2-3, although some technology 
developers claim higher values [Knoef et al., 2005]. For the gasification 
process of the agricultural residues the turn down ratios for the gasification 
process were obtained. The results are shown in Figure 36. 
 

 
 
Figure 36: Turndown ratio for the gasification of the agricultural residues 
 
The gasification of bagasse had the highest turndown ratio of 3.5, followed by 
gasification of groundnut shells with a turndown ratio of 2.1. The gasification 
of coffee husk had a turndown ratio of 1.8 and the gasification of maize cobs 
had a turndown ratio of 1.7. The gasification of rice husks the turndown ratio 
was 1.5. These values of the turndown ratio show the ratio under which gas is 
produced of sufficient quality for its application. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 
 
The moisture content of the agricultural residues was observed to be a very 
important parameter in the gasification process in the downdraft gasifier. This 
was demonstrated when maize cobs of average moisture content of 25.7% 
were gasified and no producer gas was generated from the process. The 
moisture content limit of 20% is critical for the feedstock materials. 
 
Agricultural feedstock with high ash content posed a problem of sintering and 
agglomeration. This was the case for rice husks and coffee husks with 
average ash content of 25.8%) and 19.1% respectively. The rice husks and 
coffee husks formed a “hole” in the reactor, which necessitated the opening of 
the reactor during the gasification process which resulted in an explosion. 
 
The temperature profile in the oxidation zone was an important indicator of the 
performance of the gasifier. For all of the agricultural residues, the type of 
gasification process was flaming pyrolytic gasification, which was an 
indication that the air flow into the reaction bed was not sufficient. This was 
the cause for the generation of tars in the producer gas, which resulted in 
substantial closure errors in the determination of the gas composition. Also, 
due to the fact that temperature was never completely uniform in the high 
temperature zone, tar production in the system was initiated. 
 
The average lower heating value for producer gas from the selected 
agricultural residues ranged from 3.2 - 4.7 MJ/Nm3 with groundnut shells 
giving the highest value of lower heating value and bagasse giving the lowest.  
 
It was observed that as the air inlet speed into the gasifier increased, the 
energy available in the gas also increased proportionally. It was further noted 
that the energy losses reduced as the air inlet speed increased for each 
particular feedstock. 
 
The optimum equivalence ratio of 0.25 for the gasification of the agricultural 
residues was obtained at different air inlet speeds into the gasifier. The 
speeds ranged from 1.7m/s -5.5m/s with the highest speed being for 
gasification of groundnut shells and the lowest for bagasse.  
 
The gasification of bagasse had the highest turndown ratio of 3.5 while 
gasification of rice husks had the lowest turn down ratio of 1.5. 
 
The specific gasification rate was observed to increase with increase in air 
inflow speed for the gasification of all agricultural feedstock under 
consideration. A proportional increment was also observed in the superficial 
velocity with air inlet speed into the gasifier. Low values of the superficial 
velocity were an indication that the pyrolysis reaction in the gasification of 
bagasse was relatively slow resulting in producer gas with high tar content. 
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5.2 Recommendations 
 
A similar study should be done on a fixed bed gasifier operating in updraft 
mode. This will allow for comparisons to be made in the operational and 
functionality performance of the fixed bed gasifier. 
 
Further instrumentation of the fixed bed gasifier rig should be implemented. 
They could include pressure measurement and gas flow meters. 
 
Automation of the feeding system should be carried out so that the feeding 
operation can be performed in semi-batch, semi-continuous or continuous 
mode. 
 
Routine maintenance of the gasifier system should be done. It is important 
that before loading the feedstock, the gasifier is checked thoroughly to 
ascertain any anomalies. The gasket sealing at different points joined with 
bolts need to be checked. This is to ensure that air leakages into the system 
can be reduced to a minimal. Also, the char deposits that collect in the 
cyclone should be removed after each run. 
 
The producer gas sampling system that is currently employed at the gasifier 
rig should be replaced with an automatic sampling unit, that is capable of 
sampling the gas once the torching of the feedstock has been done, up to the 
point when all the feedstock in the reactor has been used up. 
 
For the agricultural feedstock such as rice husks and groundnut shells, further 
study is needed on densification of such feedstock. This is due to the 
problems encountered of sintering and agglomeration in the gasifier. 
 
The air flow rate of the gasifier should be controllable. The current gasifier 
system does not allow for a provision of controlling the speed of air into the 
gasifier system and keeping this speed steady. 
 
The current gasifier unit should be placed in a protective cage. This should be 
taken as a safety measure so that any possible injuries can be avoided. The 
protective cage should not hinder access to the gasifier during instrumentation 
of the gasifier. 
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APPENDIX 1: EES program of the energy balance  
 
"The energy balance of the gasification process  for groundnut shells is given by:" 
E_f=E_g+E_l 
 
"Where E_f=Energy in the fuel (kW)" 
"E_g=Energy in the produced gas energy" 
"E_l=Energy losses" 
 
"The energy available in the fuels is given as:" 
E_f=(m_dot_f*LHV_f)/3600 
 
"m_dot_f= fuel mass flow (kg/hr)" 
"LHV_f=lower heating value of the fuels" 
 
"The gas power of the produced gas energy is obtained as:" 
E_g=E_u+E_s 
"E_g=energy of produced gas" 
"E_u=chemical or useful energy of produced gas" 
"E_s=sensible energy of produced gas" 
 
"The useful or chemical energy is given as:" 
E_u=(m_dot_g*LHV_g)/(3600*rho_g) 
m_dot_g=(m_dot_a*(3.76/4.76))/y_N2 
m_dot_a=V_dot_a*rho_air 
V_dot_a=v_air*crucible_inarea*3600 
v_air=(0.1^2*v_in)/(7*0.01^2) 
crucible_inarea=(pi*0.01^2/4) 
rho_air=1.22 
"m_dot_g=mass flow of producer gas (kg/hr)" 
"LHV_g=Lower heating value of producer gas (kJ/Nm^3)" 
"rho_g=density of gas under normal condition 0^0 C, 101325kPa (kg/m^3)" 
 
"The sensible energy E_s of the gas at assumed exit temperature of 800^0 C is given by:" 
E_s = 
(m_dot_g/3600)*(((y_CO*h_CO))+((y_CO2*h_CO2))+((y_C2H4*h_C2H4))+((y_CH4*h_CH4))
+((y_H2*h_H2))+((y_N2*h_N2))+((y_O2*h_O2)))/(((((y_CO*MW_CO))+((y_CO2*MW_CO2))+
((y_C2H4*MW_C2H4))+((y_CH4*MW_CH4))+((y_H2*MW_H2))+((y_N2*MW_N2))+((y_O2*M
W_O2))))) 
 
"m_dot_g=gas mass flow (kg/hr)" 
"y_i=volumetric fractions of component gases of the producer gas" 
"h_i=enthalpy of each component of the gas produced at exit temperature (KJ/mol)" 
"MW_i=Molecular weights of the component gases produced (kJ/mol)" 
 
"The energy losses in the solid wastes and to the atmosphere:" 
E_l=E_w+E_wall 
"E_l=energy losses" 
"E_w=Energy losses in solid wastes" 
"E_wall=Energy losses to atmosphere" 
 
"Energy losses in solid waste are attributed to sensible heat in the ash and residual carbon in 
the wastes" 
E_ash=((0.8*m_dot_w)*(820+(1.67*(T_ash-273))))/3600 
"E_ash=sensible heat in the ash" 
"T_ash=ash temperature as it leaves reactor" 
"m_dot_w=amount of solid wastes from the process (kg/hr)" 
"The amount of solid wastes is calculated from:" 
m_dot_w=m_waste/t_g 
m_waste=1.75 



 

81 
 

t_g=3.75 
"A=ash content" 
 
"Residual carbon in the wastes" 
E_cw=(0.2*m_dot_w*(LHV_cw+h_cw))/3600 
"m_dot_w=total solid waste flow(kg/hr)" 
"LHV_cw=Carbon lower heating value (kJ/kg)" 
"h_cw=Carbon enthalpy at 800^0 C (kJ/kg)" 
 
E_w=E_ash+E_cw 
 
eta_cg=(LHV_g*V_dot_gas)/(LHV_f*m_dot_f) 
 
 
V_dot_gas=m_dot_g/rho_g 
V_dot_gasN=(V_dot_gas/300)*273 
"Known or calculated parematers" 
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APPENDIX 2: Model Configuration of Keithley’s Instrument 
2700 and Switching Module 7700 

 
Model ‐ Config File Revision 2 ‐added Dry Circuit Ohms at 
end           
2701                     
Modules and Channel Count                 
7700  NONE  NONE  NONE  NONE             
22                     
Trigger and Scan Parameters(TDelay,Chan/Scan,TCount,TSource,TimerInt,TempUnits)     
‐1                     
6                     
‐1                     
1                     
2                     
1                     
File and Graph Settings (FileSave,FileOverwrite,CreateGraph,RealTime,UpdateInterval,OverflowVal)   
1                     
0                     
1                     
1                     
10                     
‐99                     
Trace 
Settings(ChannelsToGraph,NumberOfTracesToGraphMinusOne)         
########                     
5                     
Group Enabled? Measure NPLC   OffComp Transdcr Type    Range RefJunc SimTemp  GroupName   
0  0  1  1  0  0 0  ‐1  0  0  none 
                     
1  1  108  1  0  1 7  ‐1  1  0  Group1 
                     
2  1  108  1  0  1 7  ‐1  2  0  Group2 
                     
3  0  1  1  0  0 0  ‐1  0  0  Group3 
                     
4  0  1  1  0  0 0  ‐1  0  0  Group4 
                     
5  0  1  1  0  0 0  ‐1  0  0  Group5 
                     
6  0  1  1  0  0 0  ‐1  0  0  Group6 
                     
                     
Channel Config                   
101  1                   
102  0                   



 

83 
 

103  1                   
104  0                   
105  1                   
106  0                   
107  1                   
108  0                   
109  1                   
110  1                   
111  0                   
112  0                   
113  0                   
114  0                   
115  0                   
116  0                   
117  0                   
118  0                   
119  0                   
120  0                   
121  0                   
122  0                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


