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SUMMARY

The economic development of any community or society at large is directly linked to energy
availability and usage. Concern for climate change due to intense use of fossil fuel for energy
production has increased interest in alternative energy technologies such as biomass gasification.
The system Johansson biomass ¢ ifier at Melani village in Eastern Cape South Africa was
piloted to establish the techno-economic viability of biomass gasification for electricity
generation in South Africa. Besides this it was also implemented to improve the socio-economic
conditions of the community by providing them with low cost electricity that can drive small

businesses such as a Bakery.

This system utilizes chunks of wood ¢ mill industry located nearby, which
produces large quantities of biomass wa: lenge in terms of disposal. From time
of implementation till now there is no p ation about this particular technology

erefore this present study eﬁlﬁ}e‘(} etl%es i)%goan}aii;g) i)'ft' t Esly;teem when operated on a full
electrical load and when powering Fbe)btkenyinAxusthionipeilt gas and temperature profiling
system was used to measure the gas profiles from which the gas heating value was calculated. A
bathroom scale was used to measure the quantity of wood fed into the gasifier. A dummy load
bank was constructed using twelve 12 kW water heating elements connected such that they draw

maximum power from each of the three phases. A power meter was used to measure the current,

voltage, power as well as energy from the generator during operation.

iv



The system was found to be prod ing power above its power rating of 120 kW when it was
operating at full load. It was also found that on average 1.075kg of wood resulted in 1 kWh of
electrical energy. The system achieved a cold gas efficiency of 88.11% and an overall efficiency

of 20.1% due to the efficiency of the engine.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Presently the world relies heavily on fossil fuels such as coal, petroleum and natural gas for its

energy needs. In South Africa, electricity generation lies solely in the burning of coal, which

adds to the global carbon dioxide (CO,) er it of a 50.2 GW of power generated
by Eskom, coal accounted for 42.5 GW. 's most of its energy needs through
burning of coal probably because of its | compared to conventional oil and

natural gas [Energy Information Administrat”he side effect is the carbon footprints
this leaves behind which contribU@Wﬁ&ﬁlméﬁ'kEerHagr &outh Africa is at the 13™

Together in Excellence
position out of 50 countries regarding its contribution to global warming through greenhouse gas

(GHG) emission [Ziuku, 2011].

Besides burning of coal for electricity generation, direct burning of coal for heating and cooking
which is mostly common to low income houses in South Africa also contributes to CO, emission
[Energy and development group, 2013]. The present environmental challenges such as change in
rainfall pattern, abnormal sea rising and increase in temperature facing the world at large are all
product of GHG emissions. This planetary changes if not put to a check can be highly disastrous
in the near future [Energy and development group, 2013]. South African department of energy

in its bid to address this issue have developed a white paper on renewable energy and clean



energy which is geared towards diversification for a less carbon intensive energy production

[Department of Environmental Affairs and Tourism, 2004].

The use of biomass for energy generation has the potential to reduce green house gas emission
which is a significant contributor to global warming. This is because the carbon dioxide released
during the combustion of biomass is recaptured during the growth of new biomass thereby
rendering the process carbon neutral [Yokoyama ez al, 2000]. Although the use of biomass can’t
fully replace fossil fuels which we use at nrecent it can nroduce fuels and chemicals that are
comparable to that produced from fossil f \ natural substance that stores solar
energy through a process known as photc nclude all biological material from

living or dead plants.

University of Fort Hare
Biomass energy is majorly sourced frR M ERT e aeNEHE v hich includes forest and agro-

industrial plantations, bush trees and farm trees, but other sources still exist. These include crop
residues such as straw, leaves and plant stem, processing residues such as sugarcane bagasse,
saw dust, husk and nutshell, and municipal solid waste [Gokcol et al, 2009]. Wood accounts for
about 64% of the energy produce from biomass, followed by solid municipal waste with about
24%, and lastly land filled gases and agricultural waste accounting about 5% respectively.
Africa as a continent has an abundant supply of different types of biomass suitable for energy

production [Amigun et al, 2010].

Biomass is one of the most promising renewable energy sources due to the advantages it

possesses and offers, it reduces our dependency on oil which is a non-renewable resource, it cuts



down the amount of waste sent to landfill, emits lesser carbon dioxide as compared to fossil fuel.
Biomass derived energy can meet a wide range of energy need such as electricity generation,
production of liquid fuel for transportation, and production of chemical and process heat for

industrial purposes when properly utilized.

Since ancient time, biomass has been utilized for heating and cooking through direct combustion.
This practice is still ongoing mostly in rural communities of the developing countries. Today a

number of conversion technologies are availahle- thace techpologies may release energy in the

form of heat or electricity, or in the form ¢ or liquid biofuel through biological
or thermochemical means. Biological c stly moist raw material with high
cellulose content while thermochemical -. ..od uses a wide range of biomass

-
materials [Dasappa, 2011]. Sonﬁﬁ%eé?wg?? 6rf; [gﬂféff‘téon’ combustion, co-firing,

pyrolysis, fermentation or hydrolysis, eftidtifléstion dr-predsfiig-gnd anaerobic digestion [Gokcol

et al, 2009]. This study is focused on gasification only.

Biomass gasification is a partial combustion of biomass (carbon containing materials) to produce
a gaseous product known as producer gas or syngas which can be used for production of
electricity, liquid fuel and fine chemicals. This is a thermochemical conversion process since the
biomass materials are heated at high temperature. The gas resulting from this process contains
carbon monoxide, hydrogen, nitrogen and traces of methane. Gasification is made possible in a
high temperature gasifier or reactor which comes in different design. These designs are based on

the direction of gas flow and the way the oxidizing agent is introduced into the gasifier [Sharma,



2009]. The gas mixture differs also due to the gasification agents used. Figure 1.1 shows the

classifications of gasifiers

Bubbling

fluidized
bed

. Coaxial
| Entrained
flow Opposed

Tt
———
R

draft

Circulating

Gasifier
Types

raft

e
—

idedraft

_University of Fort Hare
Figure 1.1: ans&l%g %oﬁ,%géﬁgh§¥stems

Fluidized bed is further divided into bubbling fluidized bed (BFB), circulating fluidized bed
(CFB), and twin bed. Entrained flow is further divided into coaxial down flow and opposed jet.
Fixed bed is divided into downdraft, updraft and cross or side draft. Each of these gasifiers has
their inherent advantages and disadvantages, for instance fluidized bed is more tolerant with
particle size but operates at low temperature during gasification that leads to high tar formation
and incomplete conversion of char. The opposite is the case for entrained bed as it is less
tolerant of particle size but operates at high temperature. Fixed bed is tolerant of particle size but
is faced with the problem of high tar formation with the exception of downdraft gasifier

[Heiskanen, 2011].



Downdraft gasifier offers the advantage of low tar concentration in the producer gas. This is due
to the gas having to pass through the high temperature combustion zone where the tars are
cracked and converted into useful gases. In addition it offers high char conversion and low ash
carry over. However this type of gasifier is limited to small scale because of the difficulties
associated with uniform distribution of air in reactors with large diameters [Martinez e al, 2012].
This project aims at monitoring the technical performance of a 150 kVA biomass downdraft

gasifier system.
1.2  GASIFICATION PROJECT

The economic development of any commu.v at large is directly linked to energy
availability and usage. South Afwﬁv@fgfﬁg afﬁlellaw Htﬁ?'@mass waste which mostly
emanates from saw mill industries located in such areasTMampfiweli and Meyer, 2009]. These
wastes are burnt in furnaces as a means of waste management however this practice result in
some environmental problems such as greenhouse gas emission, accumulation of tars and soot in
the windows of some nearby houses. To eliminate these challenges and to meet the socio-
economic need (low cost electricity for small businesses) of the people living at Melani village,
Eskom and University of Forte Hare initiated a biomass gasification pilot plant project. This
project was aimed at installing a 150 kVA biomass downdraft gasifier system alongside a
community bakery. The project as been completed and it is fully operational. This study is

aimed at evaluating the performance of the biomass gasifier system.



1.3 PROBLEM STATEMENT

The performance of a thermochemical conversion technology is measured through its conversion
efficiency. The same applies to gasification in a downdraft gasifier for which this research is
focused. This parameter depends on reactor design, fuel properties as well as gasifier operating
conditions. Amongst the operating conditions, equivalence ratio known as the fuel to air ratio

influences the temperature of the reactor and quality of syngas generated during gasification.

For instance using air as an oxidizing age~* *~~~----- *"- -~-1centration of nitrogen and reduces
the calorific value of the producer gas wh r steam increases the concentration
of combustible components in the produc ic value. Besides oxidizing agent,

chemical reaction kinetics also play a role ulvu\.} concentration of carbon monoxide
(CO), hydrogen (H;) and meth%ﬂﬂe}r'@ ﬂ}‘; brf%&.gahcﬁhése combustible gases are
necessary for the syngas to be suitable foertgitie opetativn. Futtilermore gasifier design features,
such as throat diameter have a relation with particle size, which in turn determines chemical
reaction rate. To efficiently convert solid fuel into high quality producer gas required for
electricity generation as is the case of Johansson biomass gasifier system, gasifiers operating
conditions and design plays an important role. Therefore it is important to evaluate the

performance of these systems.
1.4 RESEARCH OBJECTIVES

This study was aimed at evaluating the performance of a 150 kVA biomass gasifier system

installed at Melani village. To do this the following aspects were studied:



(i) The proximate and ultimate an: 'sis of the eucalyptus wood used for the study.

(ii) Analysis of the gas resulting from the gasifier before entering the engine.

(iii)Mass and energy balance of the system was evaluated when the gasifier was operated on full
load.

(iv) The cold gas efficiency as well as the gas to engine (electrical) efficiency of the system.

(v) The emission characteristics of the engine used.
1.5 RESEARCH QUESTIONS

@) What are the physical and chem the eucalyptus wood used for the

study?

A
(i)  What are the syngas COWMI{S}]@WW‘FH are
(ili)  What is the mass and energy %@ﬂ@é’l,ﬁf{ﬂ@g@g{ﬁgﬂﬂnce

(iv)  What thermal and electrical efficiency is achieved by the gasifier when fed with
eucalyptus wood?
) What are the gases coming out of the engine and how do they compare to those going

inside the engine.



1.6 RESEARCH METHODOLOGY

1.6.1 Gas analysis, ultimate and proximate analysis

The mass of the feedstock was determined using bathroom scale before feeding into the gasifier
hopper. The ultimate and proximate analysis was undertaken to determine the physical and
chemical properties of the eucalyptus wood used for this study. The calorific value of the

material was determined using a CAL2K ¢~ = homeboccla-meter.

Gas analysis was undertaken using a c ind Temperature Profiling System
(GTPS), which employs non-dispersive int.uvo .or measurement of methane, carbon
monoxide and carbon dioxide. %W@%W&aﬁdiaﬁ%é@l (Pd/Ni) gas sensor for
measurement of hydrogen. The differential voltage vutputs are logged into a CR1000 data
logger interfaced to a computer. The data is then downloaded into the computer and calibrated
to percentage composition [Mamphweli and Meyer, 2013]. The gas calorific value was

determined from the percentage composition of combustible gases.

The electrical performance of the generator was measured using a portable energy meter which is
capable of providing the load profiles of the three generator phases. The energy meter recorded
all the energy parameters from the three phase generator at a preset interval of one minute. The
recorded data usually present in diverse formats was downloaded into the computer via the

powerTrack software for analysis.



1.7 SIGNIFICANCE/RAT DNALE

There are a number of biomass gasifiers operating around the world. The system Johansson
biomass gasifier was piloted to establish the techno-economic viability of biomass gasification
for electricity generation in South Africa. There was no performance information about this
particular technology until this research was undertaken. The information available was limited
to the gas analysis as well as thermal efficiency studies on a 60 kW system that was not operated
at full load. This research has therefore ~~--~~-* *~“---~*’on on the technical performance of

the gasifier.

1.8 DELINEATION AND LIMITtuv

University of Fort Hare
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The study evaluated the performance ofqge 5@8 kUIAFf;)fomass gasifier. It involved the proximate

and ultimate analysis of the feedstock used, the mass and energy balance as well as efficiency
investigation. The study was under taken with the engine/generator running at full load using
electrical heating elements to draw maximum power from the generator, however in real
operational conditions; the generator operates at the maximum of 80% capacity. The full load

operation was undertaken to establish the system performance under extreme conditions.



1.9 ASSUMPTIONS

It was assumed that the biomass gasifier would achieve thermal efficiency above 70% and
electrical efficiency above 20% when operating at full load. These assumptions were made
based on the design manual claims and studies undertaken on a similar design but smaller size

gasifier of 60 kWe.
1.10 DEFINITION OF TERM

The following terms are used and shoulc ; defined in this section unless the

context suggests otherwise. v
University of Fort Hare

Biomass Gasification is the partial cojn;%%gtl;élg of gi(l)?r%cgseslégﬁgﬁal under a controlled supply of

oxidants defined herein (air, oxygen and steam) to produce gaseous fuel usually referred to as

syngas or producer gas. It is a renewable means of meeting energy need [Martinez et a/ 2012].

Cold gas efficiency is the percentage of the energy content of wood that is converted to producer

gas. It is an important parameter in gasification as it is dependent on a number of factors

[Raman et al, 2013].

Gasifier system refers to the gasifier process components including the reactor and all

downstream processing components [Sharma, 2008].
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Equivalence ratio is the ratio of actual volume of air used for wood gasification to the volume

required for complete combustions fthe wood [Raman et al, 2013].

Mass Balance is the ratio of total mass of output material to the total weight of input material. It

quantifies the mass flow of materic through a gasifier [Dogru et al, 2002].
1.11 DISSERTATION OUTL [E

This section summarizes the chapters of tl provides an overview of the scope

of the study.

-
Chapter one presented the °bjeTf3‘1’ii‘Kfé'i"si‘ts9“6f Fi&clhtiHcai;@luate the performance of
Johansson biomass gasifier system si{{;ggﬁtﬁeﬁéﬁr@xw}?ﬁé}é%@fstem Cape, South Africa. The

method employed in achieving the aim of the study was briefly introduced. Lastly the

significance of the study as well as some terms used was clearly defined.

Chapter two presents a synthesis of literature on the properties of biomass materials. The various
types of biomass gasifiers have : 0 been discussed and this included Fluidized bed, entrained
flow and fixed bed gasifiers. The fixed bed downdraft gasifier was further discussed in detail
since this research focuses on this type of gasifier. Some of the output parameters that influence
gasification efficiency, producer gas composition, gas yield and calorific value of the gas

produced in a fixed bed gasifier were also discussed.
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Chapter three presents the various methods employed in data collection, these include the
ultimate and proximate analyses. Explanation of how the gasification of eucalyptus wood occurs
in the Johansson downdraft gasifier has been provided in this chapter. The measuring technique
employed by the Gas and Temperature Profiling System (GTPS) used for the gas analysis has
been provided. The mathematical relations used in determination of mass and energy balance of

the system as well as the different stages of efficiencies are all stated in this chapter.

Chapter four presents the results obtained for thic etndv- thece include the ultimate and proximate
analysis results. Analysis of the gas pr operation of the biomass gasifier
system is also presented in this chapter. rgy balance analysis are presented.

The cold gas efficiency, electrical efficic... -.ative efficiency are also presented.

The emission characteristics of tlﬁﬂwéﬁw 8T0Fﬁi.tnl_}ll‘s:ﬁ]@pter.

Together in Excellence

Chapter Five presents the summary, conclusions and recommendations of the study. This is
where the major findings of the research are presented, and a conclusion drawn from these
findings is also presented. The conclusion was based on the objectives of the study and the

research questions.
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CHAPTER TWO

ITERATURE REVIEW

2.1 BIOMASS COMPOSI [ON

Biomass is an organic material th: stores solar energy through photosynthesis and in turn creates

a source of energy in the form of carboi xygen compound. It contains less
carbon but more oxygen and a lower heati onventional fossil fuel [Chopra and
Jain, 2007]. Biomass comprises of cell ies, lignin and other extractives in

varying quantities and differs from one plantmnother. These compositions also have

different chemical structures WHQLY%%Mlﬁi E{Og;tfm ‘%1 their thermal behavior.

Together in Excellence
Figure 2.1 shows the structure of cellulose

H OH

Figure 2.1: Chemical structure of Cellulose [Lin et al, 2013]

Cellulose, the highest in proportion comprises about 40% - 60% of biomass by weight [Yang et

al, 2007]. It consists of a long chain of glucose that are polymerized together such as p-glucose
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Lignin which occurs throughout the plant cell wall consists of polymers which are mostly formed
by phenylpropane units. It is als a binding material that provides elasticity and strength to
biomass material such as wood [Pasangulapati et al, 2012]. The proportion of lignin and
cellulose determines the suitability of a biomass material as an energy crop [McKendry, 2002a].
Furthermore, lignin has been foun to be the main controlling factor during thermal degradation

as it controls the decomposition rate of biomass, its product yields and composition.

Lignin unlike cellulose and hemicellulose dearadec canctant]y at a wide temperature range and

does not degrade completely up until a yut 973 K [Burhenne et al, 2013].
Raveendran et al [1996] further confirmec tability of lignin is higher than that
of cellulose and hemicellulose. This is att... - linking between the phenylpropane

A 4
units in lignin [Pasangulapati eTﬁﬁ%‘é% TW iyg)lq:tpﬁtﬁ)f pf biomass materials with

high content of lignin are dominated by ¢rfutherntid-reaetions-while those with low content of

lignin such as herbaceous biomass involves more of exothermic reactions [Burhenne et al, 2013].

Biomass is a renewable and sustainable energy source that is characterized by low sulfur content,
low ash content, high volatile content and high alkali content such as sodium and potassium.
Conversion of biomass into fuel gas (biogas and producer gas) can be done via multiple routes,
which are mainly categorized as thermochemical conversion and biochemical conversion

processes [McKendry, 2002b].

Biochemical conversion involves the fermentation of plant material with the use of yeast or

genetically modified microorganism to produce ethanol and anaerobic digestion of plant material
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to produce methane, but this is outside the scope of this study. This study is geared towards
thermochemical conversion which involves some chemical reaction induced by temperature and
pressure but focuses on biomass gasification as an efficient thermochemical process for power

generation.
2.2  GASIFICATION OVERVIEW

Biomass gasification is a thermochemic-* -~~~ -~ ~~cess in which solid carbon based
feedstocks are converted to a mixture of . which primarily consist of carbon
monoxide and hydrogen, with lesser conc ine, carbon dioxide, water, nitrogen
and hydrocarbons, with nitrogen as the d(uuvucﬂ air is used as the oxidizing agent.
This type of thermochemical coWﬂWéﬁiﬁyW%ﬁrﬂEﬁ@f biomass material with a
controlled supply of air, oxygen, steam & 4 hiixtute sf'them at relatively high temperature and
pressure [Martinez et al, 2012]. Biomass gasification can be economically valuable where the

biomass resources are freely available or available at a low-cost. In most cases this material is

available as waste. It is appropriate for decentralized energy system.

Gasification of biomass is an attractive technology because of the diverse application of the fuel
gas it produces. These gases can _¢ burned directly for production of heat, utilized as fuel in a
gas engine or gas turbine for electricity generation and lastly for production of chemicals [Guo,
2004]. It offers more advantage over direct burning of biomass. The use of biomass for energy
production is an old technology, t . recently has drawn increasing attention due to its renewable

nature, carbon dioxide neutrality, availability and need for energy independence. Gasification of
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biomass undergoes four major stages regardless of the type of the gasifier system in which the

process is taking place. Figure 2.4 shows the various stages of the gasification process.

Figure 2.4:  Flow chart of a gasification process

2.2.1 Drying

Drying of biomass is one of the stages t stock) goes through which gets the

feedstock ready for easy combustion. In the drying zone the moisture content of the biomass is
University of Fort Hare
driven off by evaporation using thehsat gepsratediabéliegepbustion zone. Low moisture

content improves the thermal efficiency of a gasifier since minimal heat will be required in
evaporation of this moisture. Hence more heat is available for the reduction reactions at the

reduction zone [Mckendry 2002 and Jayah et al, 2003].

Usually the maximum allowable moisture content is dependent on the gasification technology
used. For instance in downdraft gasifier the maximum allowable moisture is 25% on wet basis
while updraft allows a moisture content not more 50% [Pereira et al, 2012]. According to Dogru
et al [2002] drying of biomass within the gasifier is dependent on a number of factors namely:
surface area of the fuel, the temperature difference between the feed and the hot gases, the re-
circulation velocity, relative humidity of these gases and the internal diffusivity of moisture

within the fuel.
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2.2.2 Pyrolysis

Pyrolysis degrades the cellulose, hemicelluloses and lignin contents of biomass at different
temperature ranges due to differe e in their reactivity. At a temperature range of 240-350°C
cellulose is degraded to produce anhydrocellulose and levoglucosan products, which further
decompose into volatile matter, char and tars. Lignin on the other hand decomposes to produce a
higher amount of char than cellulose within a temperature range of 280-500°C. Hemicellulose
through thermal decomposition at a temperatnre nf 200-260°C yields a higher amount of volatiles
and lesser amount of tars and chars than « et al, 2012]. The pyrolysis during
gasification produces both condensable ai e gases which comprises mainly of

H,0, CO», H; and hydrocarbons [Ruiz et a.,

. 4
University of Fort Hare

22.3 Combustion Together in Excellence

Combustion is the process through which the carbon content of a biomass material is oxidized to
CO; and hydrogen content to H,O. This is made possible at a high temperature of about 800-
1000°C [Robbins et al, 2012]. During combustion the chemical energy stored in a biomass
material is released as heat which can either be converted into mechanical power for electricity
generation or used for space heating. Although combustion is applicable to a wide range of
feedstock material, their inherent properties influences this process to a great extent. For
instance feedstock materials wi  moisture content above 50% are termed incombustible
[McKendry, 2002b]. These feedstock properties are classified as physical, chemical and thermal

properties. Some of the physic. properties depend on the species of the biomass and they
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include feedstock density, porosity, and internal surface area. The remaining physical properties
which are related to the manner in which the feedstocks are prepared include particle size, bulk
density and shape distribution. Chemical properties include the elemental content of the
feedstock material, heating values relating to pyrolysis products and higher heating value (HHV).
Lastly thermal properties include specific heat, thermal conductivity and emissivity [Demirbas,

2003

Combustion involves a series of reactions that acenr in the combustion zone often referred as
oxidation zone. The exothermic nature causes a rapid rise in temperature
which in turn makes this region a high ten iis explains the low formation of tar

in a downdraft gasifier since the gases pas. .. temperature zone before exiting the

A
gasifier [Dorgu et al, 2001]. th-f‘fﬂ}%ligsﬁvu(stf Fmgﬁveand the chemical reaction

will be shown in the subsequent sectioh®d ether in Excellence
2.2.4 Reduction

Similar to pyrolysis process reduction reactions occur in the absence of oxygen but at a different
temperature range of about 800-1 10°C within the reduction zone [Puig-Arnavat et al, 2010]. In
this zone the partially oxidized product of the combustion zone is allowed to pass through a hot
bed of charcoal resulting in some endothermic reaction. These endothermic reactions lower the
temperature of the gas produced and in turn lowers the calorific value of the gas [Rajivanshi,

1986]. The reduction reactions when compared to combustion reaction are quite slower.
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2.2.5 Gasification reactions

Table 2.1 presents series of chemical reactions that occur during the conversion of biomass into

useful products in a gasification system [Ruiz et al, 2013].

Table 2.1: Gasification reactions

Reaction type Heat of reaction No

Oxidation reactions

C+0,—CO, mol R1
C+%0,— CO mol R2
H2 + 1/2()2 - H20 mol R3

CH,; + 20, « CO, + 2H,0 v KJ/mol R4

Reduction reaction University Of Fort Hare

C+C0, <2CO Together in Excelende RS
C+H,0 <~ CO+H, +131 kJ/mol R6
C+2H, & CH, +74.8 kJ/mol R7
C +%0,—CO -111 kJ/mol R8
Shift reaction

CO +H,0 < CO, + H, +41.2 kJ/mol R9

Methanization reaction

2CO +2H, — CH, + CO, -247 kJ/mol R10
CO +3H, < CH, + H,0O +206 kJ/mol R11
CO, + 4H, — CH, + 2H,0O -165 kJ/mol R12

Steam reactions
CH; + H,O « CO + 2H, +206 kJ/mol R13

CH, + 20, — CO + 2H, +36 kJ/mol R14
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These reactions result in a mixture of gases comprising of H,, CO, CO,, CHs, C;Hs and some
impurities such as nitrogen, sulfur, alkali compound and tars. These impurities depend on the
oxidizing agent, type of feedstock, ‘pe of gasifier used and operating conditions [Damartzis and
Zabaniotou, 2011]. Oxidation reactions are highly exothermic, thus releases the energy required

for re iction reactions which are endothermic.

Reaction (R5) and reaction (R6) referred as boudouard reaction and water gas reaction
respectively are very important reactions dvrino oacification,  Both reactions are favoured by
high temperature and low pressure contrai that is favoured by low temperature
and hig pressure. Shift reaction is a bi n whose direction depends on the

condition inside the gasifier. For instance ... -..e, CO concentration increases at the

-
expense of H,. Steam reactiom&i&éifqﬁg}ibfmfy Brfj[‘eigf afé slower rate, therefore it

requires high quantity of energy and catast {¥feiskaren, K014

2.3  GASIFICATION TECHNOLOGY

In order to gasify the diverse types of biomass materials available different gasification reactors
have been developed. Numerous researches on gasification reactors have also led to the
development of several designs. Gasifiers are primarily classified into three: entrained flow,
fluidized bed and fixed bed, w 1 variations within each type. However they can also be

classified based on the following:

e Type of oxidizing agents it ut zes: air blown gasifier, steam gasifier and oxygen gasifier.
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They operate at high temperature ¢ about 1200-1600°C and pressure of about 2-8 MPa. This
high operating temperature can lea to melting of ash which results in formation of a corrosive
substance known as slag. This isv vy entrained flow is not suitable for gasification of feedstock
of high ash content. However its high operating temperature offers the advantage of tar

reduction which causes equipment blocking and fouling [Damartzis and Zabaniotou, 2011].

Tar is an undesirable product due to its tendency of condensation at low temperature. Entrained
flow gasifiers possess some other characterictice which include short residence time, large
capacities which results in high throughpu demand. This high oxygen demand
is what accounts for the high operating t the exothermic reaction that exists

between the oxygen and the char Ruiz e. -1 entrained flow gasifier, oxidizing

4
agents are fed in alongside with wlﬁl;gf.gdifgﬁﬁ'fsﬁ‘ort Hare

Together in Excellence

2.3.2 Fluidized bed

This class of gasifiers operates at a lower temperature (800-1000°C) than entrained flow, making
it suitable for gasification of feedstock of high ash content. Particle size is not a limitation for
fluidized bed; it can gasify different types of feedstock hence it is also suitable for large-scale
application [Ruiz et al, 2013]. :re feed stocks are fed into the gasifier from the top while the
oxidizing agents are fed through = bottom in the form of a fluidizing gas. They are both mixed
intensely in a hot bed of solid material usually sand. Sand is mostly used because of its high heat

retention capability. Their int se and continuous mixture helps to maintain a uniform
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The bubbling section created in a BFB as the fluidization gas passes through the bed is the center
for gasification reactions in this type of gasifier. This bubbles when controlled can improve the
heat transfer rate between the gas and the solid [Damartzis and Zabaniotou, 2011]. A twin
fluidized bed as the name goes ut zes two reactor beds and as such yields a syngas with higher
calorific value when compared to a single bed reactor. This makes it suitable for large scale
application. The first bed provides the heat needed for gasifying the biomass in the second bed

[Ran and Li, 2012].
2.3.3 Fixed bed gasifier

This conventional type of gasifier consists . .. .uel that moves down slowly during

A
the gasification process. In ﬁxe‘ﬁ‘i‘if%%1&9d8f°f?6ietfﬁ2ﬁ‘§‘e gasifier system through

the top and the oxidizing agent eithert gts¢s it the same diéction or opposite direction with the
material. They are characterized by long residence time, low ash carry over, high carbon
conversion and low gas velocity [Puig-Arnavat et al, 2010]. Figure 2.7 shows the classification

of fixed bed gasifier based on the flow direction of the oxidizing agent.

Fixed bed

*
1 1 1

Downdraft Updraft Crossdraft

Figure 2.7: Classifications of fixed bed gasifiers
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24 DOWNDRAFT GASIF ER

Downdraft gasifiers similar to other classes of gasifier consist of drying, pyrolysis, reduction and
oxidation zone whose heights are of significance in gasification process and in obtaining a
producer gas of high quality. According to Sheth and Babu [2009] report, the conversion of CO,
produced in the combustion zone to CO is dependent not only on rate of reaction in the reduction
zone but also on the height of reduction zone. Furthermore Jayah et al [2003] established an
increasing trend in conversion efficiency ~~ k-~ ~~~ifi~~tiyn zone length increased for three

different particle sizes.

Downdraft gasifiers generally have an admvwing gas with low tar concentration,
which makes them suitable for OPgrﬁiVéf%if%)nﬁslaFélff'ﬁﬂie@ for electricity generation.
The concentration of tar in the producérgas generdfedfiorh & downdraft gasifier is relatively low
when compared to that from updraft gasifier. It ranges between 10 and 100 g/Nm? for downdraft

gasifier and 50 and 500 g/Nm® for updraft gasifier [Martinez ez al, 2012).

Two types of downdraft gasifier exist; they are Imbert and stratified downdraft gasifier. Imbert
downdraft gasifier also known as throated downdraft consists of a throated combustion zone
where the decomposition of tar into non-condensable gases takes place. Figure 2.8 shows the

schematic diagram of an Imbert downdraft gasifier.
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Figure 2.8: Diagram of an Immmw%ﬁy%ﬁegﬂdmféw]

Together in Excellence

The location of air nozzle just above the throat helps in maintaining a uniform temperature in the
throat zone most especially in a small scale gasifier. Low temperature zone begins to surface
with an increase in the reactor diameter which in turn increases the tar content of the producer
gas generated. This is why this type of gasifier is limited to small scale. The difficulty in
achieving a uniform distribution of air in larger scales is a limitation. Besides the difficulty of
scaling up this type of gasifier, downdraft gasifier has a maximum allowable moisture content of

about 40 % on a dry basis [Sheth and Babu, 2009].

The presence of throat in downdraft gasifier makes it less tolerant of particle size. Therefore it is

recommended from literature that the particle size should be one-eighth of the throat diameter
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[Martinez ef al, 2012]. According to Chopra and Jain [2007] Imbert downdraft gasifiers are
mostly used for gasification of woody biomass because of easy flow of such material through the
throat, but results in formation of bridges when used for gasification of biomass with low
density. However Imbert gasifiers have gone through some modifications which now allow

them to accommodate biomass of both low and medium density fuel.

The problem of bridging and channeling led to the development of stratified or open top
downdraft gasifier [Chopra and Jain, 20071 Fieure 7 Q shows the schematic diagram of a

stratified downdraft gasifier.

Biomass

;Ilnivermtv of E i Hare

ce
—1 Drying Zone

—1 Pyrolysis Zone

—T— Combustion Zone

————.’ Reduction Zone

—T > Ash pit

Figure 2.9: Stratified downdraft gasifier [Reed and Das, 1988]
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Contrarily to Imbert, stratified downdraft gasifier has a uniform diameter all through the gasifier.
The open top, which this type of gasifier possesses, enables a uniform flow of air down through
the gasifier. This uniformity in ow of air hinders the formation of bridges and cold spot;
therefore it ensures efficient conversion of biomass particles in the gasifier [Martinez et al,

2012].

Generally in a downdraft gasifier both the producer gas and the fuel (biomass particle) move

downwards through the reactor. As the fuel narticles are fed into the reactor they get oxidized at

the oxidation zone and release heat. This ‘0 the drying and the pyrolysis zone
where the biomass particles get dried and ¢ atiles and charcoal. The quantity of
energy that the particles are able to accum _f the particles determine the extent

-
to which the volatiles are releﬁeﬁ {I}%e geil%?egfrplgfxf H% [pérolysis product all move

downwards through the reactor, in the: pfg&ess-dotie o the vdlatiles get condensed with the fuel
particles and form tar. These tars get cracked in the oxidation/combustion zone because of the
existence of high temperature. More also some other reactions listed in table 2.1 occur in this
zone as well. Finally, the resulting gas mixture passes through a bed of hot charcoal supported
by a grate [Sheth and Babu, 2009]. The producer gas then exits through the gas outlet located

below the grate high temperature (about 700-800°C) thus leading to lower overall efficiency.

Despite the low concentration of tar in the producer gas generated in a downdraft gasifier the gas
still needs to undergo further cleaning so as to obtain the desired gas quality. Patil et al [2011]
obtained an average tar content value of 48 g/Nm?® in the producer gas generated. While Dorgu

et al [2002] obtained an average tar content of 3 g/Nm’ and 6.3 g/Nm3 in the gasification of
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hazelnut and sewage sludge in a downdraft gasifier respectively. In comparison Patil et al

2011] concluded that the disparity in the tar content was mainly due to the throatless nature of
the downdraft gasifier used in their study unlike the throated type used by Dorgu et al [2002].
This brings to light the significance of downdraft gasifier design features. Besides its influence
on tar formation, gasifier design also influence conversion efficiency. Increasing the length of
the reactor leads to an increased operational efficiency, this is because of the long residence time

it avails for sufficient conversion of biomass to take place [Martinez et al, 2012].

Dogru et al [2002] investigated the gasi: tics of hazelnut shell using a pilot
scale downdraft gasifier with 5 kW electr 1s suggested that the gasifier should
be operated at an optimum air fuel ratio kg and biomass feed rate of 4.02 —

4.70 kg/h for a high quality conﬁstrt{l/e J&a@ -tflye OPtFr(I)eflt ﬁlﬁfl@gestlon was as a result of

higher gross calorific value of 4.75-5 4 9G£IRG’ Raktwas Biafised within these ranges.

Jayah er al [2003] calibrated a computer program from an experimental result in order to
investigate the impact of some operating and design parameters on conversion efficiency of a
downdraft gasifier. The operating parameters were moisture content, particle size and inlet air
temperature and the design parameters were throat angle and heat loss. Table 2.2 shows the
summary of the result obtained in this study. Air inlet temperature was excluded from the table

because its influence was considered to be negligible.
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Table 1.2: Comparison of gasification efficiency with length of gasification zone [Jayah et al,

2003]
Parameters Efficiency at 22 cm  Optimum gasification Efficiency at optimum
gasification length length (cm) gasification length
Chip size
1 57.2 24 57.3
3 .0 32 56.3
5 54.7 3 55.2
Moisture content
0 57.8 1 58.1
15 56.0 - 22 56.3
30 Utdversity of Forf Hare 543
Hoat loss TogetherirExcetterice
5 73.8 29 74.4
10 62.8 28 63.2
15 51.5 25 51.7

Throat angle

30 56.6 28 57.4
60 56.0 24 56.2
90 55.1 19 55.1

The increasing trend in conversion efficiency as particle size decreases as seen from the table is

due to the more likelihood of smaller particles getting converted to gases faster than larger
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particles. Among these parameters investigated heat loss had the greatest effect on conversion
efficiency. A greater percentage of the heat lost was attributed to the insulating properties of the
gasifier and lesser percentage to g erated tar. The last which is throat angle is a specific feature
for downdraft gasifiers. Increasing the throat angle comes with a divergent effect that decreases
the gasifier temperature and thus the reaction rate. Note that for optimum efficiency to be
achieved at a smaller throat angle, the gasification length needs to be increased [Jayah et al,
2003]. In summary the design features of a downdraft gasifier is an important influential

parameter that needs to be enhanced so as tn achieve antimnm gperating conditions.

2.5 OPERATING PARAMETER!

-
Gasification operating paramete : i ould be optimized during
BRTIRSE SIS PTG R e

gasification so as to obtain a product {Qﬂ&ﬁﬁ%&ﬁﬁ&ﬁlﬂ%ﬂﬁ%f impurities and high calorific
value. These operating parameters have a strong influence on the output parameters of a biomass
gasifier. In a fixed bed gasifier some of the output parameters influenced include gasification
efficiency, producer gas composition, gas yield and calorific value of the gas produced. The
critical operating parameters include the gasification agent, equivalence ratio, temperature of

input air as well as gasifier operating temperature.
2.5.1 Oxidizing agent/ gasification agent

Air, steam and oxygen or a r cure of them are the most common oxidizing agent for

gasification processes. The choice of any is based not only on the end use application of the
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product gas but also on the gasific ion technology employed and economic factors. Air is the
most common among them because it is cheap and readily available. The use of air as an
oxidizing agent results in syngas with low calorific value (CV) of about 4-7 MJ/Nm”’. This is
due to the high concentration of nitrogen that air introduces [Holmgren et al, 2012]. Besides

calorific values, oxidizing agents also influence the compositions of the syngas.

According to Martinez et al [201Z air gasification in a downdraft gasifier resulted in a syngas
with the following composition: 15-20% of H~ 15-20% af 0O, 0.5-2% of CH4, 10-15% of CO,
and the remaining being N;, O, and Cy air gasification, steam and oxygen
gasification yields syngas with a medium ibout 12-18 MJ/Nm’®. Additionally,

the use of steam and oxygen as oxidizing a_ . .- concentration of combustible gases

and reduces that of non-ﬂammatﬁe I‘%ﬁ?éfyﬂw 81“1&81' LHPIvgfﬁéthe generation of oxygen
and steam incurs additional costs due 4¢- helt ettty raqitemerits. This raises the cost of using
both as oxidizing agents thereby limiting their usage/application. In terms of hydrogen
production steam and oxygen gasification gives a higher yield when compared to air gasification.

This is in accordance with Zou er al [2012] experimental demonstration where a steam to

biomass ratio of 1.2 yielded 35% of H; and 12% of CO.
2.5.2 [Equivalence ratio

Equivalence ratio (ER) often referred as fuel to air ratio is one of the governing parameters
during gasification of biomass. It is defined as the ratio of the actual volume of air or oxygen

required for the gasification of a articular kilogram of biomass fuel to the volume required for
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stoichiometric combustion of the same kilogram of fuel. The rate at which biomass are
consumed in a downdraft gasifier is determined by the amount of air or oxygen fed into the
gasifier [Martinez et al, 2012]. The suitable value for equivalent ratio ranges from 0.2-0.4. The
aim of gasifying within this range is to obtain a product gas that is suitable for electricity
generation, transportation fuel and other applications bearing in mind that equivalence ratio

affects the quality of syngas [Martinez et al, 2012].

Increase in equivalence ratio results in an increase in oacification temperature and also leads to a
higher yield of H, and CO. An experime of a downdraft biomass gasifier by
Zainal et al [2002] showed the percentage e resulting producer gas at different

equivalence ratio. In this study the pe . _creased linearly with increase in

A4
equivalence ratio but CO mcreatjfh%télfgli [e)gugflT?S: I’cftﬂ%f [aéout 0.38 and then started

decreasing but not linearly. CO, di ARt &ppasifés € st decreased with an increase in

equivalent ratio, but at about 0.35 equivalence ratio the trend changed, CO; started increasing.
More also an increase in equivalence ratio caused a rise in the calorific value of the gas up till an

equivalence ratio of 0.388 before it started decreasing. Figure 2.10 shows the influence of

equivalence ratio (air factor) on gas heating/calorific value [Van den Enden and Lora, 2004].
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The best heating value of the gas was obtained at an air factor (equivalence ratio) of about 0.285.
Beyond this point the nitrogen content of the air started diluting this gas and hence caused a
decrease in the heating value. Some other parameters affected in Zainal et a/ [2002] study were
cold gas efficiency and mass conversion efficiency. Table 2.3 provides a summary of these

parameters
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Table 2.3: Effect of equivalence ratio on some selected parameters [Zainal et al, 2002]

Equivalence ratio Cold gas efficiency Mass conversion Type of biomass
efficiency
0.259 68.37 98.39 Wood chip
0.268 67.65 98.83 Wood chip
0.287 76.68 90.12 Wood chip

With the few data shown in tal : 2.3 pna cen’t cancheds what effect a further increase in
equivalence ratio will have on both param ng to Wang et al [2007] an increase
in equivalence ratio from 0.16 to 0.26 ca gas efficiency from 57 % to 74 %.

Figure 2.11 further illustrates the dependei.. ,v.“ciency on equivalence ratio.

University of Fort Hare
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Figure 2.11: Cold gas efficiency with air factor [Van den Enden and Lora, 2004]
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An increase in air factor from 0.22 to about 0.3 in fig 2.11 led to more combustion of biomass
which in turn resulted in an increase in efficiency. Besides cold gas efficiency, there was also an
increase in higher heating value (HHV) and gas flow rate from 3.6 MJ/Nm’ to 4.2 MJ/Nm’ and
from 41 Nm® to 46 Nm’® respectively. H, and CO concentration experienced an increase as well

from 8.5% to 13.9% for H, and 12.3% to 14% for CO [Wang et al, 2007].

A more recent study reported that there was a reduction in the molar fraction of N, and CO, as

equivalence ratio rose from about 0.165 to 0 205 hnt at a hicher value of equivalence ratio these

non flammable gases started increasing. he case for the molar fraction of H,
and CO because they first increased before asing. At equivalence ratio of 0.17,
cold gas efficiency was found to be 0.25 .. __ost doubled with a little increase in

. _d
equivalence ratio of 0.035. Fimtljy tfg élPSﬁ%; %ff FOS'P%HH {ﬁteeshowed a steady increase

with equivalence ratio increase and 4k -Optiium etfivaléntd of 0.205 was obtained for the

downdraft gasifier studied [Sheth and Babu, 2009].
2.5.3 Input air temperature and gasification temperature

Pre heating of air prior to gasification is beneficial in terms of conversion efficiency, heating
value, gaseous product yield and quality. However, this process comes with additional energy
requirement, thus incurring additional cost. For instance to raise the temperature of an ambient
input air of 50 kg/h from 300°C to 450°C would require an energy of about 2 kWh and this
temperature increment could o / lead to a slight increase in conversion efficiency (0.5%)

[Jayah et al, 2003].
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In another study as the air temperature used in the gasification of wood pellet of size 12 mm
increased from 350°C to 830°C e combustible gaseous components also experienced an
increase. H, formation increased from 10.6% to 13.2%, this increase is due to the dominance of
shift reaction (R9) between the temperature of 500°C and 600°C. Shift reaction being
exothermic in nature causes an increase in gasifier temperature which favours production of H,.
The increased H, content through direct hydrogenation resulted in more production of methane
from 3.2% to 4.2%. Increase in gasifier bed temperature which comes as a result of raising the

air temperature favours boudouard reactinn fRSY whirh produces CO. These increase in

combustible gaseous components as a re air temperature (350°C to 830°C)
when summed up resulted to a rise in the I of the fuel gas from 6.9 MJ/Nm® to
8.7 MJ/Nm® [Lucas et al, 2004]. More a.._ .. enhances cracking of tars which in

. .
turn improves the quality of the ﬁﬁW&‘fg{FyfﬁT W"I—i%ﬁé

Together in Excellence

Gasification temperature is another important operating parameter that influences the quality of
syngas produced. The goal of most gasification research has been to improve the quality of
syngas and carbon conversion efficiency. In a bid to achieve this goal many researchers have
reviewed, modeled and conducted experiments on biomass gasification from different angles.
From the point of view of temperature there is a great need to maintain the gasification
temperature at a certain degree so as to keep the gasification reaction running as required [Ran

and Li, 2012].

The composition of syngas produced is influenced by the temperature inside the gasifier and

temperature in turn is influenced by equivalence ratio (air or oxygen ratio). Wang et al [2007]
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recorded a rise in temperature from 940°C to around 1100°C and from 730°C to 900°C at the
bottom of the gasifier as equivalence ratio (gasification air ratio) rose from 0.16 to around 0.27.
Figure 2.12 shows the influence of equivalence ratio on gasification temperature [Mathieu and
Dubisson, 2002]. Both cases showed an increase in temperature notwithstanding that different

oxidizing agent was used.
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200 -
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Figure 2.12: Effect of oxygen factor (equivalence ratio) on gasification temperature [Mathieu

and Dubisson, 2002}

This rise in temperature is due to the fact that more char are combusted with increase in air or
oxygen ratio. This implies that more of R1 and R2 are taking place in the gasifier and more

energy is released in the process. The released energy raises the gasifier temperature and also
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promotes RS and R6. This is the reason for the higher yield of H; and CO at high temperature.
High concentration of H, and CO improves the quality of syngas and also determines its
suitability for further application. At high temperature the amount of tar present in the syngas is
greatly reduced as well, through cracking and this result in an increase in gas yield. This
cracking of tar also increases the energy content of the product gas since some amount of energy
are trapped in the tar. High temperature does not favour the production of CH4 and CO; [Ruiz et
al, 2013], more also based on the type of fuel and gasifier used could cause melting of ash which
endangers effective operation of gasifiers The maximum operating temperature of some

gasifiers is limited by the ash melting poin :cki and De Jong, 2011].

Sheth and Babu [2009] found that during wood waste in a downdraft gasifier

the oxidation zone and pyrolysiU(ﬂlf ‘}eém ei‘ t}greO Fpeg Itioﬁga(.)?"g to 1050°C and 260°C to
550°C respectively. The maximurd ¢ Oﬁﬁﬂéﬁttﬁé Fxcallgniaqo zones was attained at an
equivalence ratio of 0.25, also at = same ratio the fraction of H, and CO was at maximum and
CO; at minimum. This is why the study concluded that 0.25 was the optimum equivalence ratio.
Dogru et al [2002] observed that the temperatures ;':lt the drying, pyrolysis and throat zone was at
maximum values of 125°C, 566°C and 1206°C respectively within an air fuel ratio of 1.4 to 1.45.
Additionally the highest gross calorific value of the gas was obtained at 1050°C throat

temperature. Therefore it was co luded that the downdraft gasifier used in the study was at its

optimum performance at this temperature.

Lv et al [2007] reported that during the gasification of eucalyptus wood using a downdraft

gasifier, it took a shorter time for combustion and reduction zone to attain a high temperature
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than the drying and pyrolysis zone. This is partly because of the gasifier thermal inertia that
needs to be overcome. This thermal inertia maintained a steady state temperature of 300°C,
600°C, 700-900°C and 800°C | the drying, pyrolysis, combustion and reduction zone
respectively. The temperature profile obtained by Sharma [2009] showed that the highest
temperature was obtained near the oxidation zone and that this temperature improved from 1115

K to 1168 K when the gas flow rate was increased from 7 g/s to 9 g/s.

High temperature gasification is a means of imnravine canversion efficiency, calorific value and

composition of gases. Pre heating of air n plays a role in achieving this, but
this process comes with addition: energ sreasing partial oxidation is another
means, with it there will be need for even : heat generated in the gasifier so as

to avoid the existence of low te"ﬁﬂi‘{?‘é{"gﬁ }\yl}ﬂa F’&lf‘ ﬂeﬁg I[%ore production of tar.

Together in Excellence
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CHAPTER THREE

RESEARCH METHODOLOGY

3.1 INTRODUCTION

In order to determine the suitability of biomass and its potential as an energy source a good

understanding of its properties and charac ed. These characteristics influence
the choice of a conversion technology, as s are fuel specific. They differ for
different species of biomass and also va nge. The most important of these

properties which influences the ermal co™ W biomass through gasification are as
follows: [Quaak et al, 1999]  University of Fort Hare

Together in Excellence
¢ Elemental compositions
e Moisture content
e Volatile matter content
e Fixed carbon content
e Ash content
e Calorific value

e Bulk density

These properties can be classified as physical, chemical and morphological properties. In

determination of the later biomass properties two characterization techniques are usually
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employed namely proximate and ultimate analyses. This chapter discusses the proximate and
ultimate analysis methods employed to determine the latter properties before gasification as well
as the gasifier used and the methods employed to collect data to achieve the objectives of this

research.

3.2 THERMO GRAVIMETRIC ANALYSIS

This is a means of monitoring the behavio---~' ~*~~~~ *~ ¢~ chemical and physical properties of
a biomass when subjected to a controll ndition. It is a highly developed
technique with many applications. Abdul ave used it to observe the pyrolytic

behaviour and gas production profile of fuuvol\. biomass material namely oil palm
shell, oil palm frond, rice husk @lﬁ%r sﬂagy {h Wuﬂat \as mentioned that thermo
gravimetric analysis (TGA) can be usefo¥ fit detetmitattort 6f the major components of biomass
which are cellulose, hemicellulose and lignin. Due to difference in the chemical structures of
these components their chemical reactivity also differs. Therefore knowing the quantities of
these components in a biomass can give light in predicting the efficiency of its conversion

[Carrier et al, 2011].

It reveals valuable information such as reaction mechanism, thermal stability, kinetic parameters
and phase transformation. More also, it has been established through thermo gravimetric
analysis (TGA) that hemicellulose, cellulose and lignin content of biomass decomposes at the

respective range of temperatures 250 — 300°C, 300 — 350°C and 300 — 5S00°C. The influence of
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lignin content during combustion is also determinable through this technique and its

differentiation.

Garcia et al, [2013] identified thermo gravimetric study as an effective tool in terms of
determining the proximate analysis of biomass. It is time saving when compared to the
traditional methods usually employed and also reduces the quantity of sample used. This study
highlighted the use of this effective tool in monitoring the melting behaviour of ashes as a way of
determining the structural changes that occiir in a <nlid fie] during thermal conversion. Sung
and Seo [2009] used TGA in investigat rmal behavior of stem biomass of
Nicotiana tabacum. Higher decompositio iccurred within a temperature range

of 120-250°C and this was attributed to h__. _tile and simple sugar present in the

.4
bright stem. The thermo chemictlrgﬁegerties q(f a c0fn F(&V[QE :T_rf cﬁ‘ éeaction kinetics in an inert

and oxidizing atmosphere were deterrdié&Chy ®umarey 41, 2A0€] using TGA.

According to the latter authors thermo gravimetric analysis is a useful tool for thermal analysis;
therefore TGA was used in this study to carry out the proximate analysis of eucalyptus wood
before the actual gasification in the downdraft gasifier. Proximate analysis gives a full
description of the characteristics of a biomass material and reveals the gross components of a

biomass material such as volatile atter, fixed carbon and ash content.
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 3.2.1 Material Choice and Preparation

Eucalyptus wood was chosen as a feedstock for this study basically for two reasons; first the
gasifier system used was designed specifically for eucalyptus wood gasification. Secondly, the
availability of this material added to its usage. Before its use in the gasifier it was cut to a
desired size of 7.5 by 6.8 by 4.3 cm and weighed with a bathroom scale to determine its mass.
For the purpose of proximate and ultimate analysis and calorific value determination it was

grinded into a powder and sieved to a particle size of 0.18-0.25 pm. Additionally the moisture

content of the eucalyptus wood samples 1 g Mini 2000 moisture meter which
measures the actual percentage moisture ¢ l. It measures the moisture content
of a material within the range of 6-90% an of 1% for moisture content range of
6-25%.

University of Fort Hare
Together in Excellence

3.2.2 Basic operation of thermo gravimetric analyzer

Figure 3.1 shows the schematic diagram of a thermo gravimetric analyzer [Anandhan, 2001]. It
consists of a sample pan which is usually a platinum or alumina crucible which holds the sample
under analysis. In some cases an auto sampler that accommodates multiples of samples and
automatically loads and unloads the sample is used. This sample pan is supported by a precision
balance that monitors precisely the mass or weight of the sample during the experiment
(analysis). The furnace houses the sample pan containing the sample and heats the sample with
energy absorbed from the heat source which could be a halogen lamp. The temperatures of the

sample and furnace are then measured with a thermocouple.
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To maintain the required atmosphere the furnace is usually enclosed and an inert or non-reactive
gas is allowed to flow in and over e sample and finally exits through the exhaust. Then the
measured temperatures and weight are fed into the data acquisition system which can also be a

computer system.
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Figure 3.1 Schematic diagram of a thermo gravimetric analyzer [Adapted from Mackenzie,

1979].

3.3 ELEMENTAL COMPOSITION

This is one of the most important properties of biomass that determines its clean and efficient
utilization. Furthermore it defines the energy content of a biomass material [Parikh ez al, 2007].

Hence it is essential for determining the calorific value of a biomass material especially its
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carbon, hydrogen, oxygen, nitrogen and sulfur content. Elemental composition of biomass gives
an idea of the potential pollution problems its combustion can cause. For instance, high
composition of sulfur and nitrogen can lead to formation of acid rain during combustion of
biomass [Quaak ef al, 1999]. However these two elements are usually present in a small
proportion especially in wood. The fractional composition of these elements can be quantified
using ultimate analysis, which require specialized instrumentation and as a result are performed

in specialized laboratories [Shen et al, 2010].

For the purpose of the present study a nitrogen sulfur (CHNS) elemental
analyzer was used in determination of t! osition of eucalyptus wood before

feeding into the gasifier. CHNS analyze o> of applications; besides its use in

energy it is also applicable in Slfj\ Sf{‘}éf*s ]i%fepl((ﬁl% Hlérilgs, environment, and food.

This instrument comes in a modular Ot WRick glvés rosmt r its different configuration in

order to suit specific applications [Thompson, 2008].

Carbon hydrogen nitrogen sulfur (CHNS) analyzer consists of a combustion section where a
rapid combustion of the prepared sample occurs at a temperature of about 1000°C in a pure
oxygen atmosphere. A pure cc per metal is usually embedded beneath this section or in some
cases in a separate furnace. During the combustion process carbon is converted to carbon
dioxide, hydrogen to water, nitrogen to nitrogen gas/oxides of nitrogen and sulfur to sulfur
dioxides. At the end of this conversion the inert gas (usually helium) sweeps the resulting
product over the earlier mentioned copper heated at a temperature of about 600°C. This copper

metal plays a dual role, it removes the oxygen that was not fully combusted and converts the
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oxides of nitrogen to nitrogen gas. Also embedded within the analyzer is the detection system
which comprises of a gas chromatography (GC) column used for separation of the combustion
gases and the thermal conductivity detector which quantifies the element. Figure 3.2 shows the

schematic diagram of a CHNS ana zer.

0, —>L J&— He

1L

< Oxidat

< Reductio'

Fig 3.2 CHNS Analyzer Schematics [Adapted from Thompson, 2008]

CHNS analyzers usually exhibit two combustion modes namely: static and dynamic. In the
static mode a set volume of oxygen is introduced into the combustion chamber prior to
introduction of the sample while in dynamic, oxygen is introduced alongside with sample and
afterwards a continuous flow of ygen is allowed into the combustion chamber for a set time.
The preparation of the sample to be analyzed is dependent on the sample type. Lastly the
resulting ash which comprises « the inorganic residues and the remains of the tin after the

combustion is usually collected in a ceramic crucible.
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3.4 CALORIFIC VALUE DETERMINATION

The calorific value of a biomass reveals the amount of energy chemically bound in a material,
which upon combustion is converted to heat energy [Erol et al, 2010]. Figure 3.3 shows Cal 2k
ECO calorimeter employed in determination of the calorific value of eucalyptus wood [Cal 2K

Digital data system].

Filling Station <

Vessel €<
ed

Figure 3.3: Components of the CAL-2K oxygen bomb calorimeter used for energy value

determination.

This ECO system consists of a calorimeter, vessel, filling station and keyboard. The calorimeter
can either be operated via a personal computer (PC) or as a standalone unit. A sample of the
eucalyptus wood was weighed using measuring balance and placed in a crucible hung to the lid
of the vessel. The vessel was then pressurized to 300 kPa using oxygen gas via the filling station

before inserting it into the calorimeter. The mass of the sample which is 1g was entered using
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the keyboard. On closing the calorimeter lid the firing process was initiated and it took about 15
minutes for the firing process to complete. At the end of the firing, the calorific value was
displayed on the liquid crystal display (LCD) and the resulting ash was kept in case it would be

needed for further analysis.
3.5 DOWNDRAFT GASIFIER SYSTEM OPERATION

3.5.1 The System components and oper~+~-

The Johansson biomass gasifier system h the aim of providing low cost

electricity so as to improve the socio econc...vv <ommunity through establishment of

small business that can be powemvtéel@ﬁg/icﬁf Wf{eﬂ%f@)hweli and Meyer, 2012].

Figure 3.4 represents the different cothipoherts of Fotanssot-biomass gasifier system. This
system comprises of the reactor/gasifier, cyclone, scrubber, sawdust filter, safety filter,

condensate tank and electrical generator.
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Figure 3.4: Sc@qnpﬁré@gtﬁyo@tﬁ@qubsﬂmass gasifier system

Together in Excellence

3.5.2 Reactor part of the System

The reactor consists of four zones corresponding to the four gasification processes namely:
drying, pyrolysis, oxidation and reduction discussed in chapter two. Figure 3.5 shows a clear

picture of the reactor used in this study.
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Figure 3.5: The reactor part of the system

The feedstock (eucalyptus wood) is fed into the gasifier hopper through the lid using an
electrically powered winch. Air containing oxygen and some non-reactive gases such as
nitrogen is blown into the oxidation zone through the air nozzles to start the combustion process.
A 2 kW centrifugal blower is use to simulate the engine suction when igniting the gasifier. The
gasifier is then ignited by inserting two or three party sparklers fitted in a sparkler holder through
the ignition sleeve. Once combustion has started the oxygen content of the air reacts with solid
carbonized fuel and hydrogen in the fuel as represented in equation 3.1 and 3.2 to produce

carbon dioxide and steam respectively.
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C+0,—-CO; -394 kJ/mol 3.1

H; +%0; = H,0  -284 kJ/mol 3.2)

These exothermic reactions then provide the necessary heat that drives the other processes. For
instance, in the reduction zone, the extent to which the endothermic reactions represented by
equation 3.3-3.5 occur depends on the quantity of heat it receives from the oxidation zone.
Furthermore this heat is used to drive off the maoisture nresent in the eucalyptus wood at the

drying zone [Barrio et al, 2007, Mamphwe ']

C + CO, <> 2CO (3.3)

University of Fort Hare
C + H,0 « cologetheninhngellence (3.4)

C +2H; «» CHy +74.8 kJ/mol 3.5)
The gas emanating from this zone (reduction) then goes through the gas purification system

consisting of the cyclone, gas scrubber/cooler, particle interference/sawdust filters as well as the

Donaldson 5 pm paper filter.
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3.5.3 Purification units
3.5.3.1 Cyclone

The raw gas exiting through the bottom of the reactor first goes through the cyclone in a
tangential manner. Here about 80 % of the coarse carbon particles and soot embedded in the raw
gas are removed through centrifugal and inertia forces and exit through a pipe sealed by a rotary
valve. The centrifugal force causes the particlec ta callide with the outer wall while moving
downwards with the gas flow through iner of the cyclone the gas flow reverses
its direction and begins to move upwards. 1gh a vortex finder at the top of the

cyclone while the particles exit through .. _ particle collection efficiency of the

A
cyclone depends on the size of %Wé‘%‘&i t’g}d LPeF!(SsI;%n Hf t?fecyclone as they come in

different designs [Mamphweli and Mésigs 2612, Phec gidifter system used is fitted with a

conventional cyclone.
3.5.3.2 Gas Scrubber/ cooler

Figure 3.6 shows the gas scrubber/cooler of the 300 Nm® gasifier system at Melani village,

Eastern Cape, South Africa.
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The hot gas from the cyclone enters %8%%’6%’&"811%’1‘1%%1{ M65ttom at a temperature of about

500°C and exits through the top at room temperature (25°C). This loss of heat is undesirable in
most applications especially where the sensible heat can be recycled and reused [Kumar ez al,
2009]. The scrubber in addition removes the remaining fine carbon particles and soot in the gas
that pass through the cyclone. This process washes off about 0.8 g/m’ of gas which is translated
to about 20% of the fine carbon particles. These particles (those less than 0.1 pm) are collected
by diffusion when water is sprayed from the top of the scrubber while particles greater than 1 pm
settle by gravity and are collected gravitationally, by impaction or by centrifugal means

[Mamphweli and Meyer, 2012].
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operated on diesel but modified to operate on a 100% producer gas emanating from the gasifier.

Figure 3.8 shows the gas engine that drives the 150 kVA synchronous generator.

Figure 3.8: The gas engine coupledfo a 1S0'KVA generator
The three phase generator coupled to the producer gas engine has a capacity of 150 kVA, which

works out to be 120 kWe power. It operates with a compression ratio of 14.5:1. Table 3.1

presents the details of the engine configuration.
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The electrical circuit in figure 3.9 represents the actual configuration of the load bank connected
to the power sent out from the three phase generator. The power sent out from the constant 400
V line to line voltages arranged in star connection was at a desired frequency range of 50 - 55
Hz. It is depicted from the circuit that each line contained four 12kW heating elements connected
in series (total power demanded by loads on each line is 48kW). The line current under the full
load condition is ideally 120 A a the total power dissipated by the elements from the three
lines is 144 kW. An energy meter was used to measure the current, voltage, power as well as
energy from the generator during operation. Table 3.2 sives the specifications of the energy

meter used.

Table 3.2: Basic specifications of the powe

UniverI 8 Fort Hare

Power consumption Together in Excellence 3.5 VA
Current probes supported 100 A clip-on
Measuring method 3 Watt/4Wire
Parameters measured V, I, KW, KVA, KVar and power factor
Recording interval 1 minute
Communication interface 1xRS232 port
Accuracy Class 1
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3.6 GAS COMPOSITION AND TEMPERATURE DISTRIBUTION

Gas composition is an important output parameter in any gasification process. This parameter is
influenced by a number of factors of which gasifier temperature is the most significant. Gasifier
temperature profile reveals the manner in which heat is distributed and transferred and also the
nature of chemical reaction occurring in the different zones of the gasifier. The custom built Gas
and Temperature Profiling System (GTPS) was used in determining the composition of the gas

emanating from the gasification of eucelntie wand in the 300 Nm’/h downdraft gasifier

described earlier. Usually bulky and ex t such as gas chromatography that
require specialized facilities to operatc his purpose. The reliability of
measurements realized from the GTPS has . Mamphweli and Meyer 2013]. This

A 4
study compared the result obtmm&mﬁgf F&lfthf ?:(@n a gas chromatography,

computer simulations and literature réWigs. $he testits estdblished an insignificant variation.

Figure 3.10 shows the Gas and Temperature Profiling System.
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Figure 3.10: Gas and Temperature Profiling System [Mamphweli and Meyer, 2013]

The GTPS consist of three Non Dispersive Infrared (NDIR) gas sensors, one Palladium/Nickel
(Pd/Ni) gas sensor, eight type K thermocouples, a CR1000 data logger, and a 12V battery. The
gas sensors and the thermocouples are all connected to the data logger and the battery powers the
whole system. NDIR gas sensor measures the concentration of carbon monoxide (CO), carbon
dioxide (CO,), and methane (CHs) based on their energy absorption characteristics in an infrared
region. The NDIR gas sensor consist of a gas cell (sample path) usually made in a tube like form
with inlet and outlet port for easy penetration of light and interaction with the sample gas

[Mamphweli and Meyer, 2013]. In the cause of this interaction the sample gas absorbs some
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amount of light which according to Lambert Beer law is directly proportional to the

concentration of the gas.
A=ecl (3.6)

Where A4 is Absorbance,& is molar absorptivity, ¢ is the concentration of the sample, / is
sample path length. Furthermore this gas concentration can also be determined from equation

3.8 bearing in mind that absorbance can as well he exnressed as:

I
— 3.7
T G.7)

University of Fort Hare
Togetherkn Fxcellence (3.8)

Where 7 is transmittance, / is transmitted intensity and 7, incident intensity. Further still, for a

more accurate measurement an optical filter is fitted to the pyroelectric detector which allows

only the absorption line of the gas of interest to be selected.

The Pd/Ni gas sensor detects the concentration of hydrogen (H,) in the syngas via a thin film
Pd/Ni alloy whose electrical resistance is a function of the absorbed hydrogen. This sensor
measures hydrogen both in low and high ranges using a low level sensor such as metal oxide
semiconductor capacitor with Pd/Ni plate and a high level sensor such as Pd/Ni thin film resistor

respectively. The hydrogen detection occurs between a concentration of 0.1 and 100 % H; and at
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a temperature of 25°C. The measured parameters from the sensors and the thermocouples are
stored in a CR1000 data logger, which consists of a central processing unit (CPU), analog and
digital input and output and visual basic program for data processing and routine analysis. The
stored data is then retrieved with PC400 software installed in a computer. Finally the accuracy
and response of the system as a whole is mainly dependent on the accuracy of the gas sensors
[Mamphweli and Meyer, 2013]. The gas calorific value was determined from the percentage

composition of combustible gases as shown in equation 3.9

CV [(C vol XCOHV)+‘ H4vol X CH4HV):| (39)

Where CO,,,, H,,, and CH,,, represents, the volume conc ntration of carbon monoxide,
“University of Fort Hare

hydrogen and methane present in theOSteHueE:BEXegllencey. co,,, H,,, and CH,,,

represent the heating value of these gases as stated in the standard gas table.

3.7 MASS BALANCE /ENERGY BALANCE AND EFFICIENCY

DETERMINTION

The total weight of material ( M) that entered the downdraft gasifier was estimated as follow

M, =W, +A, (3.10)



Where W, is the weight of .eucalyptus wood in kg that was consumed in the gasifier and 4, is

the mass (kg) of air used. The total weight of output product P,,, was also estimated as follows:

oul

P

out

=G, +Ash+F, 3.11)

Where G, and F, are the total quantity of gas in kg and fine particles generated in kg

respectively.
The energy balance of the downdraft gasi d from total quantity of energy that
went into the gasifier and the total quantity dllows:

University of Fort Hare
f @g’e‘ff{@r il Excellence (3.12)

E,, =CV,xG, (3.13)

Where E, and E

oul

is the total i ut energy and output energy in MJ. CV,, is the calorific

value of fuel in MJ/kg and CV,, is the calorific v e of producer gas in MI/Nm’.

The eucalyptus wood to producer gas conversion efficiency of the biomass downdraft gasifier

was estimated as shown by Equation 3.14
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cv,, xW,
CGE = —£—_* |, 100% (3.14)

| CV 41 %G,

The gas to power efficiency of the system was determined through equation 3.14 as follows

Elene
GPE =| —=|x100% (3.15)

out

Where GPE represents gas to power ¢ is the total electrical energy

nergy
produced from the generator. Eucalyptus power production efficiency known

as the overall efficiency of the system is gi

University of Fort Hare
pyether in Excellence
WPE = % x 100% (3.16)
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 FEEDSTOCK ANALYSIS

Knowing the chemical and physical characteristics of the feedstock prior to gasification is
necessary. The proximate and ultimate ai lyptus wood was undertaken before

the gasification of the material.

4.1.1 Elemental composition N 4

University of Fort Hare
Together in Excellence
Table 4.1 shows the carbon, hydrogen and nitrogen percentage composition of the eucalyptus

wood obtained through carbon hydrogen nitrogen sulfur (CHNS) analyzer.

Table 4.1: Ultimate analysis of eucalyptus wood

Ultimate analysis % by weight
Biomass
C H N (0]
Eucalyptus Wood 47.51 6.524 0.095 45.87

The composition of oxygen was determined by difference as follow [Bech et al, 2009].

0=100-%C —%H — %N (4.1)
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The letters O, C, H and N represents the compositions of oxygen, carbon, hydrogen and nitrogen
respectively. Sulfur was not detected in the analysis probably because; the composition of sulfur

in the material was too low to be detected by the analyzer.

The major compositions of eucalyptus wood were found to be carbon and oxygen, with carbon
dominating oxygen by 1.64%, while the minor components were hydrogen and nitrogen. The
minimal composition of nitrogen and absence of sulfur in the sample shows that the use of

eucalyptus wood for gasification purposes nnses no threat to the environment in terms of the

gases emitted. The low composition of n d would result in minimal emission
of nitrogen oxides (NOx) and absence « absence of sulfurdioxides. The
percentage compositions of these element | vithin the ranges obtained by other

researchers [Jayah et al, 2003, Cwﬂigefilﬁq%ﬁ, Sfrj??{ﬁ‘f’ll—i&]ﬂé

Together in Excellence

4.1.2 Thermal analysis

The Thermo Gravimetric Analysis (TGA) was carried out both in isothermal and scanning mode.
The former examined the change in mass of the sample as a function of time while the later
examined mass change as a function of temperature. In the scanning mode the temperature was
first held for 10mins at 37°C and then heated from 37°C to about 900°C with a nitrogen flow rate
of 20ml/min. Figure 4.1 shows the TG (in % weight) and DTG (in % weight/°C) curve of

eucalyptus wood used.
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Figure 4.1: TGA and DTG curves of eucalyptus wood in scanning mode.

The TGA curve shows the instantaneous wood weight at specific temperatures as the
temperature increases. As expected, temperature had a significant effect on the weight loss of
the eucalyptus wood. The change in slope which can be divided into three stages corresponds to
the transformation stages the eucalyptus wood went through in the TGA. The first stage which is
between the temperature range of 37°C to about 120°C represent the evaporation of moisture
from the eucalyptus wood. This is accompanied by a slight change in weight. The second stage
accompanied by a significant weight loss is attributed to the degradation of cellulose,
hemicellulose and some part of lignin. This degradation process resulted in the release of
volatiles and it occurred between the temperature ranges of 200°C - 450°C. Beyond this stage,
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weight loss decreases until a constant weight is reached and this is attributed to further

decomposition of the remaining part of lignin [Pasangulapati et al, 2012]
The DTG portrays the different reactions occurring over the entire temperature range. The peaks
indicate the different degradation steps of the eucalyptus wood compositions. Table 4.2 shows

the percentage compositions of these contents.

Table 4.2: Proximate analysis of eucalyptus wnnd eamnla

s % by weight

Biomass Mositure

Content V.. . ixed Carbon Ash Content

Eucalyptus Wood 14 Uni ff}??of Fort H ﬁf.e 0.4

togethertirkxcettence

The 14% moisture content obtained from the proximate analysis fell within the required range
for gasification especially in a downdraft gasifier. It implies then, that minimal amount of
energy is required to evaporate the moisture during the gasification process thereby, reserving
more energy for the reduction reactions and at the same time improve the overall energy balance

of the biomass gasifier system.

The 67.72% of volatile matter obtained represents the proportion of the eucalyptus wood that
was released as gas. This high volatile matter content (67.72%) indicates the presence of
functional groups at a higher proportion than the aromatic structures in the eucalyptus wood

material. It also signifies the ease with which the material can be ignited. Beside this positive
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contribution high volatile matter content has, it also leads to more production of tars during
gasification process. However the tar free downdraft gasifier used in this study curbs this

problem through cracking of the tars [Mamphweli and Meyer, 2009, Harun e? al, 2009].

The fixed carbon represents the carbon content which does not decompose easily at low
temperature. Low ash content minimizes the likelihood of slag formation at high temperature

during the actual gasification.
4.1.3 Calorific value of the eucalyptus"

Calorific value (heating value) reveals the . chemically bound in a solid fuel. It

is a significant parameter in detegmining the energy ce pf-a.biomass gasifier system. It can
“Oniversity ol Fort Hare

be determined via multiple ro@@gedmriméﬁmglleaee through calculations (from
proximate/ultimate analysis values). Experimentally a high heating value of 19MJ/kg was
obtained for the eucalyptus wood used in this study. This was in agreement with the values

obtainable for wood with less than 1% ash content [Werther et al, 2000 and Mckendry, 2002].

After deduction of the energy trapped in the water vapour, the heating value reduced to 16.34
MJ/kg. This value is usually referred to as the lower heating value. The lower heating value was
further verified by fitting the proximate analysis data in table 4.2 into 13 new correlations
(equations) developed by Erol ef al [2010]. The best result (minimal error) was obtained from

equation with the highest number of features shown below.
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CV =-116-1.33[AC] - 0.005[VM |+1.92[VM + AC]-0.0227[VM * AC]-0.0122[V M +
0.0299[ACT +6133[oM]" -0.82[4CT

4.2)
The features CV, AC, VM, and OM represent calorific value, ash content, volatile matter and
organic matter respectively. AC and VM are presented in table 4.2 whereas OM was determined

by difference as shown.

OM =100% - AC 4.3)
From equation 4.2 calorific value of the was estimated to be 16.89 MJ/kg
which differed slightly from the actual val ed. This value is within the known

calorific value of wood. It is important to dpentio re thatqincrease in ash content lowers
Rioe S SE ForTraTe

calorific value of solid fuels. For i@(@@é}w&ﬂ'ﬁ Bxcallesace in ash results in a 0.2 MJ/kg
decrease in calorific value [McKendry, 2002, Mamphweli and Meyer 2009]. The calorific value

of 6.34 MJ/kg was used to calculate the conversion efficiency of the gasifier system.

4.2 GASIFIER SYSTEM OPERATING PERFORMANCE

4.2.1 Gas Analysis

Gas analysis is of great important because it provides information such as percentage

composition of gases, energy content of the gas as well as the quantity of gas produced. Figure

4.2 shows the profiles of the gases measured with the gas and temperature profiling system
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described in the methodology chapter. Gas production was allowed to stabilize before

measurements were taken.
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Figure 4.2: Percentage compositioné of the producer gas

On average the percentage compositions of the gases are 29.6% of Hy, 18.4% of CO, 18.57% of
CO; and 2.6% of CH4. Nitrogen and other inert gases make up the remaining composition of the
gas, which is relatively high. The high percentage of nitrogen is because it is an air blown
gasifier. The fluctuation in the gases is due to the loads the gas engine powers. The rate of gas
production depends on how much gas the gas engine requires from the gasifier, which depends
on the engine/generator load. The calorific value of the producer gas was calculated from the

combustible component of the gas using equation 3.8. The respective heating values of H, CO
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and CH, used were obtained from the standard gas table. Fig 4.3 shows the calorific value of the

gas.

Calorific Value of gas (MJ/Nm3)
) w IS ) o

—_—
1

0 L) L) T L] T
2 7 12 17 32 37 42

Time MV

University of Fort Hare
Figure 4.3: %@'ﬂl@lqﬁq_@%p@ﬁgeer gas

An average calorific value of 6.3 MJ/Nm® was obtained. This calorific value is within the range
(4-7 MJ/Nm®) reported for air gasification [Holmgren ez al, 2012, and Martinez et al 2011]. This
is attributed to the higher quantity of the combustible gases obtained in the present study as
compared to the latter studies. The use of air introduces a higher quantity of nitrogen to the gas,
which explains the reason for low calorific value of producer gas in general, when air is used as a

gasification agent.

1 addition the low heating value obtained in the present study could also be attributed to the low
composition of methane in the gas, bearing in mind that CH4 has the highest heating value
compared to CO and H; This is why the heating value of natural gas is higher than that of
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syngas since it comprises more of CHs. Besides gas composition, equivalence ratio also
influences the calorific value of producer gas as will be discussed in section 4.2.3

4.2.2 Electrical Performance

The electrical output of the generator operated on a 100% producer gas was monitored using a
power meter. During the operation of the generator the frequency varied between 50 Hz and 55
Hz. The current in the three phase when the engine was operated at full load (when the electrical

demand from the engine is equal to the electrical output deliverable by the engine) varied

between 104 A to 114A. The variation in « .the red and yellow phase while the

blue phase remained constant at 107A. Th y constant all through the operation

of the engine. An average power of 121.9. which is 1.93KW above the power

rating of the engine. This implies that. the the, engine was able to drive the engine
& & P VeSO O T A &

to its power rating. Together in Excellence

4.2.3 Mass Balance of the System

The mass balance analysis was carried out to account for the materials that entered the gasifier
and the product that came out. In total 718.64 kg of air was fed into the gasifier along side with
424 kg of eucalyptus wood. This worked out to be 63% of air and 37% of wood by mass
fraction. Translating further showed that every 1 kg of the eucalyptus wood was gasified by 1.69
kg of air. This therefore corresp ds to an equivalence ratio of 0.29 bearing in mind that on

average 5.74 kg of air is required for complete combustion of 1 kg of wood. This equivalence
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ratio of 0.29 resulted in a gas calorific value (heating value) of 6.3 MJ/Nm?® which is higher when
compared to 4.6 MJ/Nm® obtained at an equivalence ratio of 0.4 by Martinez ef al, 2011.

The obtained equivalence ratio (0.29) agrees well with the optimum equivalence ratio of 0.285
reported [Van den Enden and Lora, 2004]. At an equivalence ratio of 0.29 the nitrogen content
of the air is minimal thus increasing the combustible gases which are the major constituent of
producer gas calorific value. Above this optimum equivalence ratio, the non combustible gases
experience an increase thus reducing the compositions of the combustible gases. This in turn

reduces the calorific value of the gas produced and at the same time will have an effect on the

cold gas efficiency. This agrees with the n Enden and Lora [2004] reviewed
in section 2.5.2 of chapter two. Equival iportant gasification parameter that
should be carefully monitored. Figure 4 rration of the mass balance of the
system.

University of Fort Hare

Together in Excellence

Wood (424 kg)

er gas

+ Air (1630.8 kg '6 kg)

-

Ash + Fine particles

(116.88 kg)

Figure 4.4: Schematic diagram for Mass balance of the system
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The output product comprises of producer gas, ash and fine particles. Out of 1142.64 kg of input
material 89.77% was converted to gas and the remaining percentage to ash and fine particles.
Simplifying further showed that 1 kg of eucalyptus wood produced 2.29 Nm® of gas while
consuming 1.69 kg of air. The obtained gas production rate (GPR) of 2.29 Nm? is slightly lower
than the average value of 2.5 Nm? reported [Rajvanshi, 1986]. Table 4.3 presents the summary

of the input material and output product for the mass balance analysis.

Table 4.3: Summary of mass balance analysis of the svstem

Input

Component Unit(kg) Mass fractic nt Unit(kg) Mass fraction

(%) (%)

-
Eucalyptus 424.00 UBﬁ.Rg er Sity B[fcigc(sﬁai_l arleO25.76 89.77

wood Together in Excellence
Air 718.64 63.00 Ash +Fine 116.88 10.23
particles
Total 1142.64 )0.00 Total 1142.64 100

4.2.4 Energy balance and efficiency determination of the system

The total energy input to the gasifier was estimated from the total kilogram of wood (424 kg)
consumed and the calorific value of the wood (16.34 MJ/kg). This resulted in a total energy of
6928.16 MJ or 1924.49 KWh wh : the total energy output from the gasifier was estimated from

the total quantity of gas (969 Nm®) and heating value of the gas (6.3 M)/Nm?). This resulted in a
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total energy of 6104.7MJ or 1695.75 KWh. This therefore implies that 88.11% of the energy
contained in the wood was converted to gas as shown in equation 3.7. The energy lost while
converting wood to gas was then determined by difference and amounted to 11.9%. This loss is
accounted for by the heat lost during the process of cooling the gas in the gas scrubber/cooler

and through the gasifier walls.

The conversion efficiency of the system was evaluated in three stages: the first stage was from

wood to producer gas, which was determined according to equation 3.14. This resulted in an

efficiency of 88.11% generally referred a: cy or gasification efficiency. Cold
gas efficiency depends on the calorific val juantity of gas generated as seen in
equation 3.14. This efficiency obtained tt ion is much higher when compared

to about 60-70% reported for ywpod_gasifiers [Rajvanshi,, 1986]. This is attributed to the
°repe UARIVRTEY O Okt Eidlre
optimum equivalence ratio of 0.29 thdOHet ARt Waceplred on which resulted in a higher

calorific value than reported in other studies [Wang et al, 2007, Van den Enden and Lora 2004]

In the second stage, producer gas to electric power generation efficiency was evaluated based on
the total electrical energy generated during the running of the system. The 150 kVA alternator
coupled to the producer gas engine generated a total of 394.2 kWh of electrical energy from 969
Nm?® of gas supplied to it. This then implies that 2.458 Nm® of gas was required to generate 1

kWh of electrical energy, resulting in a giving a producer gas to electric power efficiency of

23.2%.
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Lastly the overall efficiency of the system was calculated from total fuel consumed in the
gasifier and the electrical energy generated from the engine. A total of 424 kg of wood
consumed resulted in a total electrical energy of 394.2 kWh. Hence, a specific fuel consumption
rate of 1.075 kg/kWh and overall efficiency of 20.5% was obtained. This is approximately equal
to the overall efficiency obtained for a dual fired downdraft gasifier system [Raman et al, 2013]

but lower than that obtained in a two stage gasification system by 6% [Wang et al, 2007].

The specific fuel consumption rate of 1.075 ko/kWh ohtained compares very closely to 1.1

kg/kWh reported by Raman et al, [2013] a ported by Sridhar ef a/ [2001]. The
comparison to other studies presented ir 1 that lesser kilogram of wood is
required by the system Johansson biomass _ e 1 kWh of electrical energy. This

-
is an evidence of stable gasifier %ﬁti%%}giwn&fkp aihttllgr Cplv% and low charcoal yield of

the Johansson biomass gasifier system. TaBRr 4.4 resemts #-summary of some performance

parameters obtained and its comparison with literature.
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Table 4.4: Comparing experimental data with literature

Biomass material ~ Optimum CVgas GPR CGE Reference
R M kg o)

Fuelwood 0.29 5.30 2.78 89.70 Raman et al (2013)
Furniture waste 0.205 6.34 1.62 56.87 Sheth and Babu (2009)
Wood chips 0.21 3.90 2.93 66.00  Wang et al (2007)
Hazel nutshell 0.276 5.15 2.73 80.91 Dogru et al. (2002)
Wood+ charcoal 0.388 5.62 1.08 33.72 Zainal et al. (2002)
Furniture waste 0.205 6.34 .87 Sheth and Babu (2009)
Eucalyptus wood 0.29 6.3 11 Present study

4.2.5 Engine emission characteristics .
niversity of Fort Hare
Together in Excellence
The emissions from the exhaust of the engine shows to what extent the individual gases that
make up the producer gas are utilized in the engine. It tells the quality of combustion reaction

occurring within the engine. Figure 4.5 shows the quantity of gases that went into the engine and

the quantity that came out through the engine exhaust.
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Figure 4.5: Comparison of gases emitted f and gases fed into the engine

University of Fort Hare _
The hydrogen (H2) that was supphe?w(}g et}ﬁe HE%EI};‘%&I&Y consumed while for carbon

monoxide (CO) 16.09% out of 18.31% was consumed leaving behind 2.22% which was released
through the exhaust. For methane (CHg) 1.19% was released which implies that 1.41% was
consumed. The carbon dioxide (CO;) released was 15.38%, which implies that 3.14% was
consumed. The emission of CO is due to incomplete combustion taking place within the engine.
It was expected that the quantity of CO; supplied to the engine would be equal to the one

measured at the exhaust since CO, does not play a role in combustion. This therefore needs

further research.

81



CHAPTER FIVE

SUMMARY CONC USION AND RECOMMENDATIONS

5.1 SUMMARY OF FINDINGS

Biomass gasification is an important technology and a good alternative to fossil fuel regarding its
advantages. Its renewable nature which i list is the most attractive bearing in
mind that fossil fuel is non-renewable.

This study was conducted with an overall 1 the performance of the Johansson

biomass gasifier system as this has not been CSJJ#¢ince the implementation of the project.
The performance of the systemUl@WsBmH@ét@ftF@ﬁtrHam technical viability of the

Together in Excellence
project.

The physical and chemical properties of eucalyptus wood determined showed that the wood was
suitable for gasification. The high volatile matter content obtained further proved the ease with
which the wood was ignited. The moisture content of the wood obtained was well within the
range required for gasification. lo sulfur was found in the wood and that eliminated the risk of

polluting the environment during gasification.

From the combustible gases produced during the operation of the biomass gasifier system
hydrogen was found to be the I hest in proportion. The heating value of the gas was then

determined from the combustible component of the producer gas and was found to be 6.3
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MJ/Nm® which is within the range obtainable for air gasification and higher than the average
reporte in other studies. It is also above the lower flammable limit and thus it could easily

power a gas engine.

The mass balance of the system when operated on a full load revealed that 89.77% of the wood
that was fed into the gasifier was converted to gas. It was also found that 1 kg of wood produced
about 2.29 Nm® of gas while consuming about 1.69 kg of air. The energy balance further
showed thaf out of a total of 6928.16 MJ of enerev that entered the gasifier in the form of wood,
6104.7MJ was converted to gas. On aver ood resulted in 1 kWh of electrical
energy.

The thermal efficiency and electrfﬁaﬁcifvﬁéif%%f 8% Wéeﬁti%]a»i/‘oerked out to be 88.11% and
23.2% respectively while the overall (Q@Q&#}%\Q} Eﬁ@%ﬂ@ﬁgsve 20.5%.

5.2 SUMMARY OF CONTRIBUTIONS

There are a number of biomass gasifier systems operating around the world. The Johansson
biomass gasifier system installed at Melani village was the first gasifier installed to run about
eight hours a day powering a community bakery. However there is still lack of gasifier
performance information in South Africa and this was a major challenge that prevented potential

investors from embracing the technology irrespective of its sound technical design.
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he major contribution of this work is the provision of the much-needed technical performance
data for the Johansson biomass gasifier. This could go a long way since potential investors will
have independently collected data about the system performance, and this could stimulate
investments in the technology and biomass gasification projects in the country. This research
was also heavily motivated by the fact that potential investors were already looking for
performance data, and since the beginning of the research a number of project developers have

found the information useful so far.
5.3 CONCLUSIONS

Gasification is an efficient thermochemic.. owess that produces a gas mixture of
N 4

hydrogen, carbon monoxide, carwmﬁﬁ;nappoﬁeﬁgf@ value of the producer gas
which was determined from the combustifes contporients-ofitits gas has a strong dependency on
gasification agent used. The mass and energy balance revealed that the system operates at high
conver: n efficiency. Conversion efficiency is a tool that determines the feasibility of using a
biomass gasifier for energy conversion. The high values of efficiency obtained at the three
stages of conversion confirmed that Johansson biomass gasifier system is a viable technology.

The biomass gasifier under study was found to perform beyond its rating when operated on full

load.

The proximate and ultimate analysis of the eucalyptus wood used for this study established that
the wood was most suitable for gasification using the technology. It was also established that the

eucalyptus wood has physical and chemical properties similar to those of most lignocellulosic
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biomass materials. These include mainly cellulose, hemicellulose and lignin. The chemical
elements such as carbon, hydrogen, nitrogen and sulfur were also within the known ranges that

are favourable for gasification.

An analysis of the syngas/producer gas before it entered the engine established that the gas has a
slightly higher calorific value than the one reported in most studies. This was attributed to the
high conversion efficiency associated with the design. The syngas composed mainly of
hydrogen (29.6%), carbon dioxide (18.57%). carbon monoxide (18.4%), methane (2.6%) as well
as nitrogen and other gases (30.83%) obt: . The nitrogen content was higher

because the system is air blown.

The mass and energy balance of tbe Iﬁ‘%}gerrSl ﬁrgfdlﬁhoaﬁbﬁg%‘é of the input wood comes

out as ash and fine carbon particles Tagerbaesnifisseileneao gas and heat. The gasifier
managed to achieve cold gas efficiency of 88.11% and an electrical efficiency (gas to electricity)
of 23.2%, and this was mainly due to the optimum fuel/air ratio of 0.29 that the system is
designed to operate at. The system achieved a co-generative efficiency of 20.5%. The low

electrical efficiency was due to the efficiency of the engine and generator used.

The engine emitted some of the gases that were supplied to it including a fraction of CH4 and
CO,. It consumed all the hydrogen supplied with the gas stream. This was expected, except that
the quantity of CO, emitted was slightly lower than the input CO,. This is an aspect that needs

further investigation since the engine was operating at very high efficiency.
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54 RECOMMENDATIONS

Having evaluated the performance of the biomass gasifier system and determined its conversion
=fficiency at different stages. It is important to now investigate the impact of heat distribution on
the conversion efficiency. The ability of the biomass downdraft gasifier system to uniformly
distribute heat during gasification is crucial as this affects not only the conversion efficiency of
the system but also the energy balance, economic and environmental performance of the gasifier
system. It was established that the qua=t# ~f ©N- cnnnlied to the engine decreases after
combustion. This needs further researck need for life cycle analysis of the
chemical components of wood from gasifi 1s products and by-products as well

as the engine emission in detail.

A
University of Fort Hare

Together in Excellence

UNIVERSITY OF FOR
HOWARD piM igRapy

PRIVATE BAG x1
32
ALICE 5709 2

86



REFERENCES

Abdullah, S. S., Yusup S., Ahmad, M. M., Ramli A., Ismail, L. (2010) Thermogravimetry Study
on Pyrolysis of Various Lignocellulosic Biomass for Potential Hydrogen Production,

International Journal of Chemical and Biological Engineering, 3:3

Alder, E., (1977) Lignin chemistry — past, present, and future. Wood Science and Technology,

11, pp.169-218.

Amigun, B., Gorgens, J., Knoetze, H. (20 roduction from gasification of non-

woody plant in South Africa: Optimum :wavuuc performance, Energy Policy, 38,

pp.312-322. University of Fort Hare
Together in Excellence

Anandhan S., Thermal Analysis, Department of metallurgical and material Engineering, National

Institute of Technology Karnataka,

last

accessed August 2013.
Bahng, M., Mukarakate, C., Robichaud, J. D., Nimlos, R. M. (2009) Current Technologies for

analysis of Biomass Thermo chemical processing: A review, Analytica Chimica Acta, 651,

pp.117-138.

87



Barrio, M., Fossum, M., Hustad, J.E. (2007) A small-scale stratified downdraft gasifier coupled
to a gas engine for combined heat and power production, Norwegian University of Science and
Technology, Department of thermal Energy and hydro power, 7491 Trondheim, Norway Sintef

Energy Research, Department of ~ ermal Energy, 7465 Trondheim, Norwary.

Brammer, G. J, Bridgwater, V. A. 2002) The influence of feedstock drying on the performance

and economics of a biomass gasifier engine CHP system, Biomass and Bioenergy, 22, pp 271 —

281.
Burhenne, L., Messmer, J., Aicher, T., 2013) The effect of the biomass
components lignin, cellulose and hemice nd fixed bed pyrolysis, Journal of

Analytical and Applied PyrolysisU(l),{ i %I@ﬁ?“o f Fort Hare
Together in Excellence

Carrier, M. B, Loppinet-Serani A., Denux, D., Lasnier, M. J, Ham-Pichavant, F., Cansell F.,
Aymonier C. (2011) Thermogravimetric analysis as a new method to determine the

lignocellulosic composition of biomass, Biomass and Bioenergy, 35, pp. 298 — 307.

Chopra, S. and Jain, A. (2007) A Review of Fixed Bed Gasification Systems for Biomass,

Agricultural Engineering International: the CIGR Ejournal, Vol. IX (5/April).

Cuipinga, L., Chuangzhi, W., Haitao H. Y. (200) Chemical elemental characteristics of biomass

fuels in China, Biomass and Bioenergy, 27, pp. 119 — 130.

88



Damartzis, T., and Zabaniotou, A. (2011) Thermo chemical conversion of biomass to second
generation biofuels through integrated process design—A review, Renewable and Sustainable

Energy Reviews, 15, pp. 366-378.

Dasappa, S. (2011) Potential of biomass energy for electricity generation in sub-Saharan Africa,

Energy for Sustainable Development, 15, pp 203-213.

Demirbas, A. (2004) Combustion characteristics of different biomass fuels, Progress in Energy

and Combustion Science, 30, pp.219-230.

Department of Environmental Affairs an [), (2004), South African National

Climate Change Response Strategy, Private Bag H, Pretoria 0001

University of Fort Hare

Together in Excellence
Digital data system, Bomb calorimeter system,

last accessed September 2013.

Dogru, M., Howrath, C.R., Akay, G., Keskinler, B., Malik, A. A. (2002) Gasification of hazelnut

shells in a downdraft gasifier, Energy, 27, pp. 415-427.

Dogru, M., Midilli, A., Howarth, R. C. (2002) Gasification of sewage sludge using a throated

downdraft gasifier and uncertainty analysis, Fuel Processing Technology, 75, pp. 55-82.

Energy and Development Group, Scope: South African environment, Energy and environment,

last accessed 7May 2013.

89



Energy Information Administration, Country analysis brief South Africa, last updated 5 October

2011, last accessed 13 December, 2012.

Erol, M., Haykiri-Acma, H., Kucukbayrak, S. (2010) Calorific value estimation of biomass from

their proximate analyses data, Renewable Energy, 35, pp. 170-173.

Garcia, R., Pizarro C., Lavin, G. A., Bueno, L. J., (2013) Biomass proximate analysis using

thermogravimetry, Bioresource Technologv. 139. opo. 14.

Garcia-Maraver, A., Salvachaa, D., Marti . L., Zamorano, M. (2013) Analysis

of the relation between the cellulose, hem _ in content and the thermal behavior

of residual biomass from olive trfjsnlil{c;set% Is\/llt;cr?g(e)rfepg%t %.1’2?_562—2249.
Together in Excellence

Gokcol, C., Dursun, B., Alboyaci, B., Sunan, E. (2009) Importance of biomass energy as

alternative to other sources in Turkey, Energy Policy, 37, pp 424-431.

Guo J., (2004), Pyrolysis of Wood Powder and Gasification of wood-derived char, A Thesis
submitted to obtain the degree of doctor at the Technical University Eindhoven: Technical

University Eindhoven.

Harun Y. N, Afzal T. M., Azizan T. M., TGA Analysis of Rubber Seed Kernel, International

Journal of Engineering, 3 (6) Avaliable from

90



[Last Accessed

August 2013].

Heiskanen, L. (2011) 4 study on rate correlations of gasification reactions, A Thesis Submitted
in partial fulfillment of the Requirements of Bachelor Degree in Energy Technology at

LAPPEENRANTA UNIVERSITY OF TECHNOLOGY.

Holmgren, M. K., Berntsson, T., Andersson. E.. Rvdberg. T. (2012) System aspects of biomass

gasification with methanol synthesis-Proc nergy analysis, Energy, 45, pp.817-

828.

International Air Transport Assogiation, T ration,Biomass Conversion Efficienc
POt A fiver hety o O aTe g
study, http://www.iata.org/12995056-44ogatieer in Excellence

AA984B8F95AE3AA4/FinalDownload/DownloadldODDF53746DA1E923D3425D45938BESA/
129950564497429CA A984B8F95AE3AA4/SiteCollectionDocuments/Documents/IATAConvers

ionTechnologiesFinalv2.pdf, last accessed 8 May 2013.

Jayah, H. T., Aye, L., Fuller, J. R., Stewart, F. D. (2003) Computer simulation of a downdraft

wood gasifier for tea drying, Biomass and Bioenergy, 25, pp. 459 — 469.

Jensen A. P. and Dam-Johansen K. (2009) Determining the elemental composition of fuels by
bomb calorimetry and the inverse correlation of HHV with elemental composition, Biomass and

Bioenergy, 33, pp. 534 — 537.

91



Ju, F., Chen, H., Yang, H., W: g, X., Zhang, S., Liu, D. (2010) Experimental study of a

commercial circulated fluidized bed coal gasifier, Fuel Processing Technology, 91, pp. 818-822.

Kumar, A, Wang, L., Dzenis, A. Y, Jones, D. D., Hanna, A. M. (2008) Thermogravimetric
characterization of corn stover as gasification and pyrolysis feedstock, Biomass and Bioenergy,

32, pp. 460 — 467.

Kumar, A., Jones, D. D., Hanna, A. M (2000 Thermnachemical Biomass Gasification: A Review

of the Current Status of the Technology, £ -581.

Lin, T., Goos, E., Riedel, U. (2013) A ser . _r biomass: Modelling the pyrolysis

.
of cellulose, Fuel Processing Tve?eféitgyéﬁéﬁ Hare

Together in Excellence

Lucas, C., Szewczyka, D., Blasiak, W., Mochida, S., (2004) High-temperature air and steam

gasification of densified biofuels, iomass and Bioenergy, 27, pp. 563-575.

Lv, D., Xu, M., Liu, X., Zhan, Z. Li, Z., Yao, H. (2010) Effect of cellulose, lignin, alkali and
alkaline earth metallic species on biomass pyrolysis and gasification, Fuel Processing

Technology, 91, pp. 903-909.

Lv, P, Yuan, Z, Ma, L., Wu, C,, Chen, Y., Zhu, J., (2007) Hydrogen-rich gas production from
biomass air and oxygen/steam gasification in a downdraft gasifier, Renewable Energy, 32, pp.

2173-2185.

92



Mackenzie, R. C. (1979) Thermal Analysis, Thermochimica Acta, 28, Iss 1, pp. 1-196.

Mamphweli, N. S. and Meyer, E. L. (2009) Implementation of the biomass gasification project
for community empowerment at Melani village, Eastern Cape, South Africa, Renewable Energy,

34, pp. 2923-2927.

Mamphweli, N. S. and Meyer, E. L. (2013) Performance monitoring system for a biomass

gasifier, Journal of Engineering, Design and Technoloov. 11, (1), pp. 7-18,

Mamphweli, N. S. and Meyer, E. L. (2 'f the conversion efficiency of the

180Nm3/h Johansson Biomass Gasifier, £ ment, 1, (2010) pp.113-120,.
University of Fort Hare

Mamphweli, N. S. and Meyer, E. IQQ(chQ)‘ MS&H@&@M operation of the fixed bed

downdraft system Johansson Biomass Gasifier, Nova Science Publisher, ISBN: 978-1-61209-

681-0.

Martinez, D. J, Silva Lora E. E., Andrade V. R., Jaen L. R. (2011) Experimental study on
biomass gasification in a double air stage downdraft reactor, Biomass and Bioenergy, 35, pp.

3465-3480.

Martinez, D. J, Mahkamov, K., Andrade, V. R., Silva Lora, E. E. (2012) Syngas production in
downdraft biomass gasifiers and its application using internal combustion engines, Renewable

Energy, 38, pp 1- 9.

93



Mathieu, P. and Dubuisson, R. (2002) Performance analysis of a biomass gasifier, Energy

Conversion and Management, 43, pp. 1291-1299.

McKendry, P. (2002) Energy oduction from biomass (part 1): Overview of Biomass,

Bioresource Technology, 83, pp 37-46.

McKendry, P. (2002) Energy production from biomass (part 3): gasification technologies,

Bioresource Technology, 83, pp. 55-63.

McKendry, P. (2002) Energy productio part 2): Conversion Technologies,

Bioresource Technology, 83, pp 47-54.

University of Fort Hare
NETL. (2006) Gasifipedia Gasifier: ToashberaindasekHeMGrained Flow Gasifiers [online]

available from

http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/siemens.html. Accessed

November 2013

Parikh, J., Channiwala, A. S., Ghosal, K. G. (2007) A correlation for calculating elemental

composition from proximate analysis of biomass materials, Fuel, 86, pp. 1710-1719.

Pasangulapati, V., Ramachandriya, D. K., Kumar, A., Wilkins, R. M., Jones, L.C., Huhnke, L.R.
(2012) Effects of cellulose, emicellulose and lignin on thermochemical conversion

characteristics of the selected bic ass, Bioresource Technology, 114, pp.663—669

94



Patil, K., Bhoi, P., Huhnke, R., Bellmer, D, (2011) Biomass downdraft gasifier with internal
cyclonic combustion chamber: Design, construction, and experimental results, Bioresource

Technology, 102, pp. 6286—6290.

Pereira, G. E, da Silva, N. J., Oliveira, L. J. (2012) Machado, S. C, Sustainable energy: A review

of gasification technologies, Renewable and Sustainable Energy Reviews, 16, pp. 47534762

Puig-Arnavat, M., Bruno, C. J., Coronas, and analysis of biomass gasification

models, Renewable and Sustainable Eners 2841-2851.

Quaak, P., Knoef, H., Stassen, ﬁ 1{)‘97981%11&;{? gf'F%‘fF‘ﬁ ﬁ‘rléeview of Combustion and
Gasification Technologies, WORLD BASRIIEICINIEAE/ IBAPER NO. 422, ISSN: 0253-7494.

Rajvanshi, A. K., (1986), Biomass Gasification. In: Goswami D.Y (ed). Published as chapter 4 in

book Alternative Energy in Agriculture, Vol. II., CRC Press, pp 83-102.

Raman P., Ram K. N., Gupta R. (2013) A dual fired downdraft gasifier system to produce
cleaner gas for power generation: Design, development and performance analysis, Energy, 54,

pp- 302-314.

Raman, P. and Ram, K. N, (2013) Design improvements and performance testing of a biomass

gasifier based electric power generation system, Biomass and Bioenergy, 56, pp. 555-571.

95



Ran, J. and Li, C. (2012) High temperature gasification of woody biomass using regenerative

gasifier, Fuel Processing Technology, 99, pp. 90-%6.

Raveendran, K, Ganesh, A, Khilar, K. C. 1996 Pyrolysis characteristics of biomass and biomass

components, Fuel, 75, pp.987-98.

Reed, B. T. and Das, A. (1988) Handbook of Biomass Downdraft Gasifier Engine System, US
Department of Energy Solar Technical In » SERI/SP-271-3022, US category

245.

Renewable Energy, last

~— AAA Y A A — e m e e e ——

accessed 14 December 2012. Together in Excellence

Robbins, P. M., Evans, G., Valentine, J., Donnison, S. I., Allison G. G. (2012) New opportunities
for the exploitation of energy crops by thermo chemical conversion in Northern Europe and the

UK, Progress in Energy and Combustion Science, 38, pp.138-155.

Ruiz, A. J., Juarez, C. M., Morales, P. M., Munoz, P., Mendivil, A. M. (2013) Biomass
gasification for electricity generation: Review of current technology barriers, Renewable and

Sustainable Energy Reviews, 18, pp. 174-183.

96



Sharma, K. A. (2008) Equilibrium and kinetic modeling of char reduction reactions in a

downdraft biomass gasifier: A comparison, Solar Energy, 82, pp 918-928.

Sharma, K. A. (2009) Experimental study on 75 kWth downdraft (biomass) gasifier system,
Renewable Energy, 34, pp 1726-1733.
Shen, J, Zhu, S., Liu, X, Zhang, H., Tan, J. (2010) The prediction of elemental composition of

biomass based on proximate analysis, Energy Conversion and Management, 51, pp. 983-987

Sheth, N. P and Babu, V. B (2009) Exper producer gas generation from wood

waste in a downdraft biomass gasifier, Bic gy, 100, pp. 3127-3133.

Siedlecki, M. and de Jong, W. @011) Biomass gasifigation e first hot step in clean syngas
& TSNS TR BT sl s B P yne
production process-gas quality optinﬁ'%ﬁfh@ﬁ'diﬂrﬂiﬁiﬁuﬁﬂ%ﬂuction measures in a 100 kW

thermal input steam-oxygen blown CFB gasifier, Biomass and Bioenergy, 35, pp.40-62.

Sridhar, G., Paul, J. P, Mukunda, S. H. (2001) Biomass derived producer gas as a reciprocating

engine fuel—an experimental analysis, Biomass and Bioenergy, 21, pp. 61-72.

Sunga, J. Y and Seo, B. Y. (2009) Thermogravimetric study on stem biomass of Nicotiana

tabacum, Thermochimica Acta, 486, pp. 1—4.

Thompson, M. Analytical Methods Committee technical briefs AMCTB No 29 April 2008, ISSN

1757- 5958.

97



van den Enden, J. P. and Lora, S. E. (2004) Design approach for a biomass fed fluidized bed

gasifier using the simulation software CSFB, Biomass and Bioenergy, 26, pp. 281 —287.

Wang, Y., Yoshikawa, K., Namioka, T., Hashimoto, Y. (2007) Performance optimization of two-

staged gasification system for woody biomass, Fuel Processing Technology, 88, pp. 243-250.

Werther, J., Saenger, M., Hartgea,E.-U., Ogada, T., Siagi, Z. (2000) Combustion of agricultural

residues, Progress in Energy and Combustion Science. 26_nn, 1-27

Wu, C., Wang, Z., Huang, J., Williar Pyrolysis/gasification of cellulose,

hemicellulose and lignin for hydrogen |, presence of various nickel-based

catalysts, Fuel, 106, pp. 697_70‘Universi ty 0 f FO rt Hare
Together in Excellence

Yang, H. Yan, R., Chen, H., Lee, H. D., Zheng, C. (2007) Characteristics of hemicellulose,

cellulose and lignin pyrolysis, Fuel, 86, pp. 1781-1788.

Yokoyama, S., Ogi, T., Nalampoon, A. (2000) Biomass energy potential in Thailand, Biomass

and Bioenergy, 18, pp 405-410.

Zainal, Z. A., Ali, R., Quadir, G., Seetharamu, K. N. (2002) Experimental investigations of a

downdraft biomass gasifier. Biomass and Bioenergy 23, pp. 283-289.

98



Ziuku S. 2011 On the design evaluation and performance of an energy efficient solar house with
integrated photovoltaics, A thesis submitted in fulfillment of the requirements for the degree of

Doctor of Philosophy in Physics at University of Fort Hare Alice, South Africa.

a4
University of Fort Hare

Together in Excellence

99



APPENDIX 1

Research output associated with this research

Nwokolo, N., Mamphweli, S., Meyer, E., Tangwe, S. (2013) Electrical Performance Evaluation
of Johansson Biomass Gasifier System coupled to a 150KVA Generator, Renewable Energy,

article under review Ref. No.: RENE-D-13-02155.

University of Fort Hare
Together in Excellence

100





