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T, Steam Temperature 
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yr Year 
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In this research. Types and amount of biomass that exist in WB&GS 
were defined by a comprehensive field survey. A detailed study of biomass 
processing and conversion of biomass to biofuel were done referring 10 the 
earlier studies and literature. The potential energy from these wastes were 
calculated based on the proper conversion method that should be used 

according to the type of biomass. For instance. assuming that the proper 
conversion method is anaerobic digestion. tbe mount of potential cleccrical 
energy from some agricultural, industrial, animal and poultry residues was 
estimated to be 192.573GWbe, the potential of electrical energy from 
agricultural residues and Municipal Household solid waste (MHSW) is 
816.716GWbe ifa gasification process is used. 

fuel. 

Abstract 

Wesr Bank & Gaza Strip (WB&GS) are known to be very poor 

territories in terms of fossil fuel resources. At the same time. energy 

alternatives are not defined well specially the non-conventional types sucb 

as biomass. Biomass can be defined as a material which is recently derived 

from the sources of animals and plants that use sunlight 10 grow. 
This study aims at analyzing all main types and amount of biomass 

in WB&GS that can be used as an alternative fuel for conventional fossil 
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The gasification process was studied in details as an important 

conversion method. For this purpose a homemade gasifier wns designed 

and constructed. The gasifier was operated using Jell as feedstock. the 
effect of inlet air flowrate and feedstock on the effluent producer gas were 

studied. 

the main parameter that affect the gasification process such as: 

gasification temperature. air or oxygen Equivalent Ratio, steam ratio. CO, 

to Biomass ratio. hydrogen inject and effect of recycling of the producer 

gas on the gasification ofjeft were investigated using a a proper simulation 

software. 

The optimum temperature of a gasifier was found to be 900"C. A 20 

percent air or oxygen equivalent ratio (air or oxygen injection) gives 

maximum cold gas efficiency. The optimum steam to biomass ratio was 

found 10 be 2.5, whereas the optimum steam temperature was found to 

bei50"C. 

Steam and air or oxygen equivalent ratios were found to have an 

effect on the concentration of hydrogen. A higher concentration of 

hydrogen can be obtained al steam to biomass ratio of 1.4. 

When Hydrogen was injected in the gasifier device. the 

concentration of Hydrogen in producer gas was found to be more than 

96%. The generation of traces gas (NOx & Sox) during the gasification 

process is low. Ir was concluded that the percentage of volatile matter and 

fixed carbon of feedstock are the most important factors that affect the 

quality of producer gas. 



Chapter One 
Introduction 



Today, the world depends on the conventional energy system such as 

fossil fuels. Unfortunately, these sources of energy cause many problems 

Agu"' I.I: Comparison nrlhe eoergy consumption :md population grow1h in lhe world. [I] 
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The world energy consumption increases more rapidly than the 

population growth during the last decades and this tendency is expected to 

be further increasing next years. For instance and as shown in Figure I. I. 

the world population was 3.7 billion in 1970 and expected to be 8.5 billion 

in 2030 with annual increasing rate of I .2%. The world energy 

consumption in 1970 was nearly 27 PWh (Petawan hour) and 195 PWb in 

2030 with annual increasing rate of I .9"A [1] 

1.1. Introduction 
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In West Bank and Gaza strip (WB&GS), the energy consumption 

was about 63.121.14 TJ {Tera Joule) in 2013 and the main source of this 

energy was the fossil fuel \VB&GS is known to be very poor country in terms 

offossil fuel resources. AJI fossil fuels imported from near countries. [3] 

Figure 1.2: Total Pnmary Energy Supply by resource 201 I and 2020. [2] 

•Ronewuhles (other than large hydro) •Hydro (>IOMW) •Nucle:JI •Fo;sil 

2020 2011 
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especially health and environmental problems. These problems caused by 

non-sustainable use of biomass and fossil fuel combustion, 

As can be seen in Figure l.2 fossil fuels are the main source for 

energy production with 82% of the total energy consumption. 

Unfonunately, the portion of the renewables from the total world 

consumption is not more than 11 %. The anticipated percentage of 

renewables is only 16% which is 001 enough to prevent global wanning 

and facing the increasing energy demand. 



On the other bands. other source of energy m WB&GS is the 

renewable energy and traditional sources. The main type of this energy in 

WB&GS is the solar energy specially the thermal energy, geothermal, 

municipal solid waste and Biomass. Biomass consists of olive cake, wood, 

coal and other materials produced from biomass. The approximate 

consumption rate of olive cake, wood and coal is 5791.46 TJ, this value is 

equivalent Jo 9.16% of total energy consumption, these values for all type 

of energy sources in WB&GS show in Figure J .4 and the energy balance 

show in Table A. I. 

Figure 1.3: Fossil fuels balance in WB&GS m 2013 

TotJtl Fossil Fuels Supply= 337?0.3JTJ 
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As shown in Figure L.3 the main types of fossil fuels that are used in 

WB&GS are Diesel (58.J I%). GasoLine (21.80%), and LPG ( 17.54%). Tbe 

consumption rate of fossiJ fuels in 2013 was about 56.59"Ai, while the 

renewable energy source was not more than 16.4% (Solar thermal and 

biomass) as indicated in figure 1.4. 



1.2. Energy Situation in WB&GS 

The energy situation in WB&GS is somewhat unique (in terms of 

availability) when compared to other countries. The major problem for the 

Palestinian energy sector is the shortage in supply of conventional energy - 

particularly electricity and petroleum products. There are virtually no 

available namral resources, and due to the ongoing political situation. the 

Palestinians rely almost totally on Israel for their energy needs and the 

monopoly of supply of conventional energy resources by Israel leads to a 

situation of high energy insecurity. WB&GS faces continuing growth in 

energy demaods. across all sectors. Energy prices in WB&GS are high 

compared to international prices and other countries in the region. These 

factors create strong economic and environmental incentives both to invest 

in renewable energy sources. [4] 

Figure 1.4: Energy balance ofWB&GS in 20!3 

•Fossil Fuels 

•Electricity 

•Solar Energy 
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Total Energy Supply= 63.12 l.14TJ 
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J .3. The main sources of renewable energy in Wlk~GS 

ln general, WB&GS is considered as one of the poorest countries in the 

world in terms of energy sources. Traditional domestic energy sources 

(fossil fuel) are not existent. These domestic energy resources are limited to 

solar energy for photovoltaic and thermal applications (mainly for water 

beating), and biomass (wood and agricultural waste) for cooking and 

heating in rural areas. 

The main renewable energy sources considered to have potential in 

WB&GS are solar energy and biomass. The potential of wind energy is 

relatively small but not yet utilized in WB&GS. 

Biomass is the main source of the renewable energy in WB&GS. It is 

an agricultural country. It has different types of agriculture and animal 

residues that can be used as energy sources. Usually, these residues are 

used in households for heating in the winter. 

TI1e more important locally produced energy material is animal dung, 

which is used for biogas production. 

Municipal solid waste can be classified as a source of biomass. Waste 

output in the WB&GS approximately 2.55 L ton/day. This is mostly being 

disposed in landfills. (5] 

ln addition to tl1a1. WB&GS hos high solar energy potential It has 

about 3,000 sunshine hours per year and high annual average of solar 

radiation amounting to 5.4 kWh/ (ni'.day) on horizontal surface. WB&GS 

is one of the leading countries in using solar water heaters for domestic 

applications. 
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1.4. Objectives: 

The main objectives of this work are to: 

- Study and identify the major types of biomass waste and their 

existence and potentials of biomass for a sustainable energy 

production and utilization in WB&GS. 

- To investigate the biomass. biogas and gasification process to 

find out a durable and a reliable alternative energy source for 

Palestinians. 

- Highlight some of conversion techniques and routes for the 

biomass resources. 

- Design homemade downdraft gasifier. 
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The solar energy is used in different applications such as water 

beating, drying of crops vegetables and fruits. water desalination, water 

pumping and electrification of remote locations isolated from the electrical 

networks. 

Another type of energy in WB&GS is wind energy. Lt can be 

considered as a country of moderate wind speeds. Gaza strip is 

characterized by a very low wind speed throughout the year (2-3m/s 

annually). The hilly regions have annual average wind speeds varying in 

the range of 4-8 mis. The Jordan Valley, represented in Jericho. also has 

very low wind speeds (2-3 mis annually). In foci. the wind energy potential 

in WB&GS has, until now, not been professionally assessed. [4] 
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Experimental study of the effect of biomass and operating 

parameters on die efficiency of gasification process and producer 

gas quality. 

- Study the effect of main parameters oa gasification process using 

a suitable simulation model. 



Chapter Two 
Biomass: 

9 



2.1 Introduction: 

The word biomass consists of rbio" +vmass". and originally used in 

the field of ecology simply referring to amount of animal and plant. 

Biomass is the matter that can be derived directly or indirectly from plant 

which is utilized as energy or materials in a substantial amount. 

Biomass is renewable resource and the energy derived from biomass is 

called renewable energy. The use of biomass as a source of energy is very 

attractive, since it can be a zero net C01 (carbon Dioxide) energy source 

(carbon neutral fuel). and therefore does not add any additional greenhouse 

gasses (GHG} to atmosphere as is the case with fossil fuels. The zero net 

CO, means the assumption that new trees, or other plants. will be replanted 

to the extent that they will fix any C02 released during the consumption of 

biomass energy. [6) 

Biomass can be used to meet a variety of energy needs. including 

generating electricity. heating homes. fuelling vehicles and providing 

process heat for industrial facilities. Biomass is also an indigenous energy 

source available in most countries and its application may diversify the 

fuel-supply in many situations. 

In addition. biomass can also be the starting raw materials for a lot of 

valuable chemicals. pharmaceuticals and food additives. [7] 
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Flgure?.I: Biomass eategorization (in rerms of use and application], (6) 

Conventlonul Blernass Resourees 
~ Agriculune, Forestry (Woody). Fishery, Livestock farming 

Food, Mo1erials, Medicine. Timber, Pulp. etc, 

Btonutss wastes (Derivatives) 
~ Agricultural, Forestry, Fishery, Livestock residues (wastes) Rice straw, 

Caule manure. Lumber miU,Sawdus~ Sewage Sludge. Black liquor 

Plantation Biomass 
~ Forestry. Eucalyptus. Poplar, Willow. Oil palm 

Herbaceous. Sugarcane, Switchgrass. Sorghum. Com. Rapeseed, 
Aqu:itic Giant kelp, Water hyacinih. Algae 

Biomass 

Biomass category and resources can be grouped into the following 

categories as presented in the Figure 2.1. In this categorization, biomass 

includes not only the conventional product and waste from agriculture. but 

also plantation biomass. 

2.2 Biomass resources nod availability: 

The resources of biomass includes several species. terrestrial and 

aquatic, various agricultural, forestry and industrial residues and process 

waste, sewage, animal wastes and municipal solid waste. [6] 

Agricultural biomass was divided into crops, residues and livestock. 

Forestry biomass was divided into industrial rouodwood (for construction, 

furniture and paper) and fuelwood. [8] 
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2.3 Global biomass production 

Between I 960 and 20 I 0. global biomass consumption increased 

more than doubled in absolute terms causing per capita availability of 

biomass Lo remain almost constant at around 3 (ton) per person per year. 

Global extraction of biomass increased from roughly 7 Gt 

(Gigatonne) to 19 Gt between 1950 and 2010. However. the per capita 

12 

The mam resources of biomass include several species. animal 

wastes. Agricultural biomass. Forest biomass, and municipal solid waste. 

The potential biomass from animal waste includes primarily waste 

from intensive livestock operations. from poultry farms, cattle farms and 

slaughterhouses. Another type is an agricultural biomass. which could be 

used for energy production is defined as biomass residues from field 

agricultural crops (stalks, branches, leaves, straw, waste from pruning, etc.) 

and biomass from the by-products of the processing of agricultural 

products (residue from olive pits. fruit pits, etc.). Forest biomass is another 

type, which is used or can be used for energy purposes consist of firewood. 

forestry residues, and byproducts from wood industries. And finally, the 

Municipal solid waste is the most prominent types of biomass. IL is a 

combination of all of a city's solid and semisolid waste. It includes mainly 

household or domestic waste. and it can also contain commercial and 

industrial waste with the exception of industrial hazardous wastes. 

Biodegradable fractions of municipal solid wastes include food and kitchen 

waste or vegetable peelings, green waste and paper. [7] 



-11 EJ). [8] 

Flgun-1.2: Globol extraction of biomass between 1950 and 20IO in (Vcnp) and by main 

biomass categories [9] 

The energy content of all crops (agricultural crops) including 

residues produced worldwide is estimated at -200 EJ (Exajoule), and 

grassland and rangeland produce -115 EJ, mainly for the human food 

system. The net input is about 100 EJ/yr (EJ/year), of which about 18 EJ 

originates from the livestock system. Only 5% of the energy content of 

crops and residues is used for bioenergy and materials (420 Mt (Megaton) 

Select&d yo.,.. 
2010 2000 1990 1980 t970 1960 
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3 

4 

•Crop resktues 
1111 Grazed b.amns 

• FtMl captLue 

• Prin :wy crops 

Fodde.r crop5'gra55liind harv 
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availability of biomass ooly increased slightly from 2.7 (ton)s per capita in 

1950 to 3.1 c/cap (tons per capita) in 2010 (Figure 2.2). 
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Flgu._ 2.J: Main global wood flows [8] 

p.>per/p<Jlp 
~ lndusutaf 

1--+-• roundwood 
sawlogs 

2.3.2 Materials system: 

About 965 Mt or 17 EJ of biomass is harvested annually for industrial 

roundwood for construction and paper and cardboard (Figure 2.3). Some 

570 Mt/yr (10 EJ/yr) of the total industrial roundwood production is 

annually convened 10 saw logs for wood products (about 350 Mt/yr) and 

construction ( 110 Mt/yr). [8] 

2.3.1 Energy System: 

About 2700 Mtfyr (-49 EJ/yr) which is about 60% of total annual 

harvest is currently harvested for fuclwood and power generation. The most 

is used as fuelwood for beating and cooking (about 2200 Mt, 40 EJ or 48% 

of global total timber harvest), and about 300 Mt (or -<i E.I or 8%) is used 

as solid biomass for power generation and the remaining 4% (-3 EJ) is lost 

in the process. [8) 
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Flgure l.4: From biomass to energy produces and fuels [1] 

Fuels 

Bio-diesel Ethano Stearn 

BJochemlcaJ Mechanical 
I Fermenta~on H Digestion I I Combustiod 1:==1==.=:;===~~~=+::::::::!!~='J 

Biomass 

strnctures.[6] 

2.4 Biomass to energy conversion methods 

Biomass energy is an important source of energy in most countries. 

Huge amounts of biomass energy such as agriculrural residues, dung and 

leaves are used by households and industries. The main household 

applications are cooking and heating also industrial applications are beating 

applications, biomass fuels arc also used for power generation (steam and 

electricity). A lot of biomass fuels are available as by-product from other 

activities, such as saw milling and agricultural crop production. [I OJ 

Biomass can be converted to electricity, heat and fuels via 

biochemical {Fermentation and anaerobic digestion), mechanical 

(extraction) and ihermochemical (pyrolysis, combustion and gasification) 

processes (see Figure 2.4 ). The behavior of different types of biomass 

during conversion depends on organic and inorganic chemical 

15 
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One way of mmmuzmg the negative effects of wastes and 

maximizing the value of biomass is 10 convert biomass into a variety of 

chemicals, biomatcrials and energy. [7] 

There are many conversion technologies available for changing the 

quality of biomass to match its utilization purposes. 

In general, conversion technologies for biomass utilization may 

either are based on physical, biological Ibio-chemical} or chemical 

(thermo-chemical) conversion processes. Chemical and biological 

techniques are the best methods used for biomass conversion to fuel. 

Physical conversion includes milling, grinding and steam explosion 

to decompose the biomass structure for increasing its surface areas to 

accelerate chemical, thermal or biological processes. Physical conversion 

technologies are also often used for the pretreatment to accelerate the main 

processes. 

Chemical conversion includes hydrolysis, partial oxidation, 

combustion. pyrolysis. hydrothermal reactions for decomposing biomass. 

and also synthesis, polymerization, hydrogenation for constructing new 

molecules or reforming biomass. 

Biological conversion is mainly composed of fermentarion processes 

such as ethanol fermentation, methane fermentation. [6] 

Different available technologies, Feedstock, processes and final 

products of biomass energy alternatives shown in Figure C. I that gives 

clear understanding of these technologies, the processes involved, the types 

of applicable feedstock and the final products of each technology. [ 11] 



2.4.2 Biochemical Conversion Processes 

Biochemical conversion involves breaking down the hemicellulose 

fraction and making the remaining cellulose materinl more accessible for 

reaction. Tbe lignin components of the original biomass remain unreacted 

throughout the biochemical process. The lignin can be recovered and used 

as fuel by thermochemical conversion process. [I J) 

Biochemical conversion is used 10 produce some commercial bulk 

chemicals, such as ethanol lactic acid and citric acid, have been produced 

via yeast and bacterial fermentation processes. [7] 

Two main biochemical processes are used, anaerobic digestion (AD) 

and fermentation processes. 

2.4. I Mechanical Extraction 

Extraction is a mechanical conversion process used 10 produce oil 

from the seeds of various biomass crops. The process produces oil and a 

residual solid or 'cake'. which is suitable for animal fodder. 

Seeds oil can be processed further by reacting ii with alcohol usmg a 

process termed esterification to obtain bio-diesel. [12) 
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The following are some of the best conversion mutes frequently 

adopted. 



2.4.2.1 Anaerobic digestion (AD): 

AD is the treatment and conversion of organic material with 

naturally occurring microorganisms in the absence of oxygen to produce a 

combustible gaseous fuel. 

The biomass is decomposed and converted by micro-organisms (bacteria) 

in an anaerobic environment (absence of oxygen) to produce a biogas. 

Main constituents of biogas are usually methane (CH,) 60-65 % and 

35-40 % of carbon dioxide (CO,) with small quantities of traces of 

hydrogen (H,), nitrogen (N2), water vapor (H,O) and Hydrogen Sulfide 

(H,S) depending upon biomass resource. 

AD is used for treating high moisture content organic wastes (80 - 

90%) moisture. Biogas can be used directly in gas turbines and can be 
upgraded to higher such as natural gas quality, by the removal of CO,. A 

typical now sheet for processing biomass using AD is shown in Figure 2.5 

Biogas plant convert organic materials into a biogas and enriched 

organic fertilizer. Two typical construction designs of the biogas plants are the 

floating drum-type and the fixed dome-type. The produced biogas can be 

burned to generate electricity and beat or to be used as transport fuel. [ 11, 12] 
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The entire process takes place in three basic steps as shown in Figure 

2.6. The first step is the conversion of complex organic solids into soluble 

compounds by enzymatic hydrolysis. The soluble organic material formed 

is then convened into mainly short-chain acids and alcohols during the 

acidogenesis step. In the methanogenesis step. the products of the second 

step are converted into gases by different species of strictly anaerobic 

figure 2.5: Anaerobic digestion (AD) Process. [I I. 12] 
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A typical mixture consists of 65% methane and 35% C02 with traces 

of other gases. The methane producing bacteria generally require a pH 

range for growth of 6.4 to 7.2. The acid producing bacteria can withstand 

low pH. In doing their work. the acid producing bacteria lower the pH and 

accumulate acids and salts of organic acids. If the methane forming 

organisms do not rapidly convert these products, the conditions become 

adverse 10 methane formers, Municipal wastes and livestock manures are 

the most suitable materials for anaerobic digestion. 

A major advantage of anaerobic digestion is that it utilizes biomass 

with high water contents of as high as 99%. Anolher advantage is the 

availability of conversion systems in smaller units. Also the residue has a 

cbemirol oxygen demand (COD). 

I 
I Stsge I: I Stage 2: Stage 3: 

Hydrolysi.s and 1 Ac:e-togenesls and Methane 
fennentatton I dehydrogenation fennentatlon 

o I I 
Agure 2.b: Steps in anaerobic digestion process with energy flow represented as % 

20% 

4°/o 

Hlgh•r 
org;1nlc 
odds 

76% Contplex 
organic 

bacteria. The percentage of methane in the final mixture has been reported 

to vary between 50 10 80"/ci. 
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Advantages: 

I- AD contributes m reducing the greenhouse gases and reducing 

overall emission. 

2- AD provides a source of clean energy with net zero C01. 

3- The feedstock for AD is a renewable source. and therefore does not 

deplete finite fossil fuels. 

4- Energy generated through this process can help reducing the demand 

for fossil fuels. 

Advantages and Disadvantages of Anaerobic Digestion 

2.4.2.2 Fermentation: 

Fermentation is used to produce ethanol from sugar crops and starch 

crops. These crops are crushed to extract juice and the starch converted by 

enzymes to sugars. with yeast then converting the sugars to ethanol. 

The solid residue from the fermentation process can be used as 

cattle-feed: the dregs can be used as a fuel for boilers or for subsequent 

gasification. [I 2] 
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fertilizer value and can be used in crop production, The prnnnry 

disadvantage of anaerobic digestion of diluted wastes is the large quantity 

of sludge that must be disposed of after the digestion process including the 

wastewater and tbe cost ofbiogas storage. [14] 

TI1e lignin fraction of biomass cannot be converted by anaerobic 

biochemical means and only very slowly through aerobic decomposition. [15) 



22 

5- The use of the di gestate also can help reducing fuels that can be used 

in fertilizer manufacturing. 

6- AD reduces the likelihood of soil and water pollution to happen, 

compared to disposal of untreated animal manure/slurries. 

7- The treatment can also lead to reduction up to 80% of the odor and it 

destroys virtually oJJ weed seeds. thus reducing the need for 

herbicide and other weed control measures. 

8- AD converts residues into potentially saleable products: biogas, soil 

conditioner, liquid fertilizer, 

Disadvantages: 

AD projects will create some risks and have some potential negative 

environmental impact, AD bas significant capital and operational costs. 

AJJ waste management systems create traffic movement, This can become a 

problem in CAD (centralized anaerobic digestion) plants and alternative 

methods of transport should be investigated as transport greatly influences 

costs and emissions. Nuisance for the neighborhood has also to be taken 

into account. 

About health and safety, there may be some risks to human health 

with the pathogenic content of the feedstock but it can be avoid with an 

appropriate plant design and feedstock handling procedures. There may 

also be some risks of'fire and explosion. [ 16) 



flgu,. 2.7: The Chinese Digester of the dome cype. 
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ii. The first generation biogas reactors: 

Three main types of biogas facilities have been successfully 

developed for widespread biogas production in households and industrial 

use. These are the .. Chinese Digester" of fixed dome type. the .. 1 ndian 

Gobar Gas Plant" of floating gas holder type and the rectangular 

commercial size biogas digesters developed in Taiwan. Shown in Figure 

2.7 is the common Chinese digester design. 

2.4.2.J Anaerobic Dlgestcrs Types: 

There are many types of anaerobic digesters thnt can be used for 

agricultural industrial, and wastewater treatment facility wastes. They 

differ by degree of complexity and the type of waste being digested. These 

types are described below. 
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The Indian design uses concrete inlet and outlet tanks mid reactor. 

The steel cover acts as ihe floating gasholder, These digcsters have no 

pumps. motors. mixing devices or other moving parts and digestion takes 

place at ambient temperature. As fresh material is added each day. digested 

slurry is displaced through an outlet pipe. The digcstcrs contain a baffle in 

ihe center which ensures proper utilization of the entire digester volume 

and prevents short circuiting of fresh biomass material to the outlet pipe. 

Figure 2.9 is an example of a rectangular biogas digester used in 

commercial animals in Taiwan, The gas bolder is designed and constructed 

separately. 

sectional design. 

F1gure l.8: The lndjan Gobar Gas Plam schematic showing cross- 
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Biogas is pressurized in the dome and can be easily used for cooking 

and other application. Figure 2.8 shows the "Indian Gobar Gas Plant" with 

noating gas holder. 
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iii. The second generation biogas digesters: 

There are now new and high rate digester technologies which we 

may call the second generation biogas digesters. These high rate bio­ 

reactors were originally designed for low strength liquid wastes but the 

progress has been remarkable and most units can now be used for even the 

high strength wastes with high quantities of suspended solids like those of 

livestock manure. The improvements of such digesrers can be largely 

While the above designs have been operated successfully, but the main 

disadvantage is the long retention times of between JO IO 60 days. Thus, for 

large scale units, they require larger reactor volumes which make the initial 

cost and area requirements quite high. Their main advantage is the fact that 

these units have less maintenance and operational costs and they are less 

prone to breakdowns due to variations in the quantity and quality of feed, 

they are resistant to shock loadings. The only operating procedure made is 

the daily mixing of the slurry. Table B.J shows the comparison of various 

plant designs of digester. [ 17] 

Figure ?.9: The Taiwan rectangular digester design with a separate gas holder. 
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attributed to better understanding of the microbiology of the methane 

production process. The most popular high rate anaerobic digesters 

originated from many conventional wastewater treatment plants that 

utilizes the anaerobic contact process (Figure 2.10) followed by the 

anaerobic digester. Perhaps the design that bas caused widespread anenrion 

is the development of the uptlow anaerobic sludge blanket (UASB) 

developed in Netherlands. Many commercial high rate digesters are now 

based on this design. Other reactors include the anaerobic filters, the 

expanded bed fixed film reactor, and the stationary fixed film reactor. As 

researchers began to understand the microbiology of the processes, they 

began to realize the varied nature and characteristics of the microorganisms 

used in the conversion. Thus recent designs call for the separation of two 

types of microorganisms in the reactors. Some new reactors are designed 

whereby acid forming bacteria are separated from the methane producing 

bacteria. With this design, the acid formers are now independent from the 

methane formers and therefore each group of microorganisms can do its job 

without harming the population of the other types of microorganisms. The 

retention times have been reduced for most of ihe high rate biogas digesters 

and thus reducing the size of the digesters. However, there are 

corresponding needs for a modest laboratory for microbial analysis. system 

pH control and monitoring of other parameters such as buffering capacity, 

solids retention times. alkalinity and the like. 



2.4.3 Thermochemical ccnverslon processes 
Biomass wastes can be easily converted into other forms of energy al 

high temperatures: they break down 10 form smaller and less complex 
molecules both liquid and gaseous including some solid products, 
Combustion represents a complete oxidation 10 carbon dioxide (CO,) and 
water (H20). By controlling the process using a combination of 
temperature, pressures and various catalysts, and through limiting the 

Figure ?.10: Some examples of second generation biogas digesrers, f 171 
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oxygen supply, partial breakdown can be achieved to yield a variety of 
useful fuels. 

The therruo-chemical conversion involves any of the following process 
options; combustion, pyrolysis (charcoal production) and gasification. 

Among all these processes. gas iii cation of biomass is one of the most 
promising processes due to its high energy efficiency. 

The advantages of thermo-chemical conversion processes include the 
following: 

a. Rapid completion of reactions. 
b. Large volume reduction of biomass. 
c. Range of liquid. solid and gaseous products is produced. 
d. Some processes do not require additional beat to complete the 

process. [20, 12] 

The main processes and the final energy products resulting from 
thermo-chemical conversion are illustrated in the flowchart shown in 
Figure 2. I J. 
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The conversion of lignin into added-value prodacts was mostly 

performed using thermochemical processes. These conversion processes 

include three sub-categories: gasification (> 900 K). pyrolysis (650-800 K, 

0.1-0.5 MPa) and liquefaction (500-600 K, 5-20 MPa}. [22] 

Thermochemical Biological/ biochemical 

( J) Effectively applied 10 almost Involves the use of microbes, 
enzymes, and/or chemicals io utilize any biomass feedstock. the limited ranae of biomass 

(2) Relatively higher productivity Productivity is limited due to 
(production per unit time) due to biological conversion. Increase 
completely chemical nature of would require higher capital 
reaction. invesmicnt sucb as bigger reactor 

(3)MultipJe high-value products Nonnally, limited to one or few 

possible using fractional products and would require 
additional microbial culture, separation of products. enzvmes for more nroducts 

( 4) Independent of climate Mostly susceptible to ambient conditions. operates at much temperature. and so forth such as higher temperature range. anaerobic digester. sunlight for algal therefore. effect of ambient 
temnerature will be minimal ponds 

(5)Mostly complete utilization of Production of secondary wastes 
the waste/biomass. such as biomass sludze 

Table 2.1: Advantages of thermochemical conversion of biomass 

over biologica.J/biocbemical process. Ill I 

process. 

The following Table (Table 2.1) shows the advantages of 

thermochemical conversion of biomass over biological/biochemical 
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Figure 2.ll: Characteristics of different types of pyrolysis [ 12) 
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2.4.3.2 Pyrolysis: 
Pyrolysis is the conversion of biomass to produce three phases: Solid 

(Charcoal), liquid (Bio oil). and gaseous fractions {mainly C01• CO, H, and 

CH,), by beating the biomass in the absence of air, Figure 2.12 shows the 

range and possible yields of pyrolysis energy products. [I 2, 25] 

Combusrion is the burning of biomass in air and rapid oxidation 
generating heat, or both light and hear. It is used 10 convert the chemical 

energy stored in biomass into heat. mechanical power. or electricity using 

stoves, furnaces. boilers. steam turbines. turbo-generators. etc. Combustion 

of biomass produces hot gases al temperatures around 800-l ooo·c. [2J, 12] 

Combustion used mostly for biomass with moisture content less than 

50%. TI1e combustion technologies can either by fixed bed or fluidized bed 

systems. r IJ] 

The heat released from combustion can be used directly in ihermal 

applications. ll is used to raise steam which. when driving turbines or steam 
engines. can be converted into shaft power or electricity. [24] 

2.4.3.1 Combustion: 

30 



ii. Fast pyrolysis: 

TI1is type of pyrolysis used to produce mostly liquid (bio oil) 

product. The yield of oil or liquid is normally around 65-75% of the 

feedstock biomass and the amounts of char and gas are typically J 0-25 and 

10-20%, respectively. 

The residence time of solid in fast pyrolysis is of the order of a few 

seconds or less with o heating rate of hundreds of°C/s (>I00°C/s )and the 

temperature range used is normally about 500°C. The effluents are rapidly 

cooled to the ambient temperature. The bio-oil can be used in engines. 

turbines and feedstock refineries. [25. 26] 

i. Slow or Conventional pyrolysis: 

Slow or conventional pyrolysis is characterized by relatively low 

temperatures. a temperature of about 350 "C, low hearing rates. and high 

residence times; A heating rates of this pyrolysis about <50°C/min and 

residence time of several hours. The methodology is based on using large 

solid pieces of feedstock and heating in situ to a set temperature for a 

period of Lime. The best known application of slow pyrolysis is the 

manufacture of charcoal. This technology called carbonization. [25, 26] 
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The distribution among these three phases depends mainly on the 

temperature, the speed of heating and the residence time. [25] 

There are different types of pyrolysis which show in the following 

section. 



2.4..3.3 Gasification: 

Gasification is the conversion of biomass (carbonaceous materials) 

into a combustible gas mixture by breaking down of biomass to form a 

flammable gas by the partial oxidation of biomass at high temperatures. 

typically in the range (800-900)°C and under a controlled amount of 

oxidizers. It is a partial oxidation process in a sense that the oxygen added 

is less than the stoichiometric amount required for complete combustion. 

this gas is known as a producer gas or a synthesis gas (syngns) which 

contains mainly mixture of hydrogen (H,). carbon monoxide (CO), a little 

of carbon dioxide (CO,). methane (CH,), small quantities of other light 

hydrocarbons( C5H10) and steam (H,O) including nitrogen (N2) present in 

the air that was supplied for the reaction. Tb is gas used as foe! to generate 

electricity in large system through the use of a gas turbine in smaller 

systems. and also it used into transportation fuels: the syngas can be 

directly burned in internal combustion engines, reciprocating engines. 

micro turbines, Stirling engines, fuel cells. or further processed to produce 

chemicals, liquid fuels. SNG (synthetic natural gas) or hydrogen. 

The range of calorific value of gas produced is between (4-40) 

iii. Flash pyrolysis 

Flash pyrolysis is an extension to fast pyrolysis where beating rates 

reach around 1000°C/s. The residence time of the solid is less than a 

second and depending on the type of reactor. The major advantage of flash 

pyrolysis is the improved energy efficiency of the process. [26] 
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• Production of gas provides an opportunity to remove contaminants 

that ultimately produce NOx and SOx emissions. [JO) 

• Fuel-gas based technologies such as gas engines or gas turbines can 

achieve higher efficiencies than combustion efficiency. 

-The overall efficiency of gasification is higher because gaseous fuels. 

having improved combustion characteristics. bum more efficiently 

than solid fuel. 

Gasification has many advantages over combustion. The main 

advantages of producing heat and electricity using gasification over direct 

combustion are: 

pyrolysis. [29] 

Gasification has gained more interest than other thermochemical 

methods as it offers higher efficiencies compared to combustion and 

Type CV range 
(MJ/Nor'\ 

Low CV 4-6 
Medium CV 12-18 

HlehCV 40 

Table 2.2: Product gas qualities achievable via gasification. [12] 

MJ/Nm1 as show in Table 2.2, these differences depend 011 the type of 

material that using ill oxidizing gas. 

The low calorific value (CV) gas produced can be burnt directly or 

used as a fuel for gas engines and gas turbines. The product gas can be 
used as a feedstock (syngas) in the production of chemicals (e.g. 

methanol). (27, 28. I 2. I 3, 29) 
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i. Advantages of biomass gasification: 

There are several advantages of biomass gasification compared to 

direct combustion: 

• Numerous options for power production including gas engines. gas 

turbines and fuel cells. Direct combustion on the other hand is limited to 

mainly steam processes in addition to Stirling engines and indirectly red 

gas turbines. 

• Easier combustion control due to combustion of gaseous fuel, compared 

to the inherently more complex control necessary for combustion of 

solid fuels. 

• Relatively lower emission due to the fact that some components can be 

removed in the gasifier itself. in addition to in the gas cleaning system. 

• Lntegration or co-ring in existing natural gas or coal red power plants 

thus reducing the net C01 emissions. 

• Hydrogen production or production of a high-yield hydrogen gas 

mixture. 
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However, one of the main disadvantages of gasification is the formation 

of tars. In general, tars are defined as being a complex mixture of 

condensable hydrocarbons. Tars can be removed from the product syngas 

by either chemical or physical methods. La chemical methods tar are 

decomposed to smaller molecules. Physical methods completely remove 

the tars from the syngas. Typical physical devices are cyclones. fillers. 

electrostatics precipitators and scrubbers. [29] 



ii. Gasification Reactions 

The complexity of the gasification process is illustrated by the 

number of reactions taking place. and the considerably number of 

components in the biomass. 

In Table 2.3 the main reactions in the gasification process are listed. 

As observed, the most relevant equations for carbon conversion are (2.1- 

2.5). which also yield most of the CO and H1 (main producer gas 

compounds). Gas-solid reactions of char oxidation are the slowest and, 

hence. they limit the overall rate of the gasification process. On the other 

hand, more H, can be produced in the WGS (water gas shift) reaction at 

expenses of CO and H10 (Equation 2.9). ln order to achieve a high 

thermodynamic efficiency. exothermic reactions should be coupled with 

the endothermic reactions (2.1) and (2.2). [29] 
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• Basis for further chemical synthesis potentially able to produce a wide 

range of chemicals. [31] 



iii. The ternary diagram 

The ternary diagram (Figure 2.13) is a tool for representing the 

biomass conversion processes. The three comers of the triangle represent 

pure carbon. oxygen. and hydrogen- that is, 100% concentration. Points 

within the triangle represent ternary mixtures of these three substances. The 

side opposite 10 a comer with a pure component (C, 0, or H) represents 

zero concentration of that component. For example. the horizontal base in 

Reaction Type Equation aff29a Equation 
(kl/moll No 

Carbon Reactions 
( Boudouard] C+ CO, - 2CO ~ 172 2.1 

(wnw-~l"I.: or steam) C + H,O ..., CO + H. + 131 2.2 
(hvdro•:isificolionl C + 2H,-. CH -74.8 2.3 
Parnal combusuon c +a.so, _. co -111 2.4 

Oxidation Reactions 
The combustion reaction c+o .. ~co .. -394 2.5 

co + a.so, - CO·· -284 2.6 
Methanation reaction CH,, + zo, .. CO·, + 'ZH,O -803 2.7 

The combustion reacuon H ... + 0.50 .. ~ H ... O -242 2.8 
Shift R ea ction 

Woler-g;is-<hifi (WGS) co + H,o - co,+ H, -41.2 2.9 n ... "Uctian 
Methanation Reactions: 

2CO + 2H> -' CH. +co, -247 2.10 
co +3H? ~CH.+ n-o - 20<i 2.11 

CO·+ 4H• - CH + 2H·O -165 2.12 
Steam-Reformine Reaetions 

I CH.+ n-o ... co+ 3H. I +206 2.13 
I CH. +o.so, - co+ zn; I -36 2.14 

Sulfur combustion s + 0, _.so. -297 2.15 
H?S fonmtion so?+ 3H, - H,.,S + H,O -207 2.16 
CS2 rornuttion c+zs .... cs, +115 2.17 
COS formation co +s .... cos +63 1.18 
NH1 fonnatlon N .. + 3H .. ""-? 2NH .. -46 '19 
NO, formauon N-. + 20., ~ 2NO, +66 2.20 
COS h\'tlrolvsis COS+ H,O - H.S + CO. -34 2.21 

Table 2.3: List of main gasification reactions. (32, 331 
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As mentioned above. the ternary diagram can depict the conversion 

process. for example, carbonization or slow pyrolysis moves the product 

toward carbon through the formation of solid char; fast pyrolysis moves it 

C-celluloselhemicclluloses. [34] 

Where: H-hydrogcn. Svsteam, 0-oxyg•n. Pelow pyrolysis. Fvfast pyrolysis. L-lign1n, 

Agur< 2.13: C-H-0 ternary din gram or biomass showing the gasification process. 

H 
I 
I 

c~. : 
I 
I 

C;I I 

"'Hk e /P ~ r=-.'f I 
I 
I 
I 

SOiid 1Caseous, CorN).l!lllon 
fuel I l.lel t produc'll 

the diagram opposite to the hydrogen comer represents zero hydrogen that 

is, binary mixtures of C and 0. A biomass fuel is closer to the hydrogen 

and oxygen comers compared to coal. This means that biomass contains 

more hydrogen and more oxygen than coal contains. Lignin would 

generally have lower oxygen and higher carbon compared to cellulose or 

bemicellulose. The diagram can also show the geological evolution of 

fossil fuels. With age the fuel moves further away from the hydrogen and 

oxygen corners and closer to the carbon comer. [34] 
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iv. Types of Gasifiers: 

The main reactors types can be classified into three main groups 

depending upon the flow conditions: 

a. Entrained flow gasifiers. 

b. Fluidized bed gasifiers: subdivided into bubbling (BFB) and 

circulating {CFB) beds. 

e, Fixed bed gasifiers: subdivided into counter-current (updraft), co­ 

current (downdraft) and cross-current moving beds. 

The reactors can be operated at atmospheric pressure or al higher 

pressures. but the lauer is only available to BFB or CFB reactors. 

CFB are the most reliable system for large scale plants whereas fixed bed 

gasifiers are more convenient for small applications due to their inability to 

keep uniform radial temperatures profiles and avoid local slagging 

problems. CFB gasifiers are an extension of BFB concept. with the 

difference that with cyclones or other separators are employed to capture 

and recycle solids in order 10 extend the solids residence time. CFB have 

been successfully demonstrated up to 100 MW. and they arc also expected 

10 be stable and reliable at higher power ratings. Atmospheric BFB 
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toward hydrogen and away from oxygen, which implies higher liquid 

product. Oxygen gasification moves the gas product toward the oxygen 

comer, while steam gasification takes the process away from die carbon 

comer. The hydrogenation process increases the hydrogen and thus moves 

the product toward hydrogen. [34) 



v. Gasifying Medium 

There are mainly 3 gasifying media or blasts: air. steam and pure 

oxygen. Hence. the blast always contains oxygen. either as free oxygen or 

bound as for steam or C02• [29] 

The simplest form of gasification is air gasi iication in which biomass 

is subjected to partial combustion with a limited supply of air. Air gasifiers 

are simple. cheap and reliable. Their chief drawback is that the gas 

produced is diluted with nitrogen and hence has low calorific value. The 

gas produced is uneconomical to distribute: it must be used on-site for 

process heat 

In oxygen gasification. pure oxygen is used so that the gas produced 

is of high energy content. The chief disadvantage of oxygen gasification is 

that it requires an oxygen plant and thus increases the torn] cost of 

gasification. [ 14] 

Biomass oxygen-blown gasification leads to the production of a syngas 

with medium heating value (I 0- I 3 MJ/Nm1). 

gasifiers are proven reliable up to 25 MW, but larger reactor size makes up­ 

scaling difficult. [29] 

The main benefits and drawbacks of these different techniques (fixed 

bed and fluidized bed) are presented in Table C. I. [35] 

The feedstock requirements, mode of operation. and output products 

obtained in each gasifier type are compared in Table C.2 nod C.3. 
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Gasification is most simply thought of incomplete combustion. [t is 

burning sol.id fuels Like wood or coal without enough air to complete 

combustion. The output gas is combustible gas. The unburned gas is then 

piped away to burn elsewhere as needed. 

vi. How Gasi(kation Works 

" Healing value of .2 nroducl Pas ~ - .. - "' ;:; Advantages Disadvantages 
t:: "" ·~ = MJ/Nm' kWh/Nm' " e 
Air Inexpensive Low heating 4-1 I.I I 1-1.944 value 

N r free product 
Orygen gas Medium Expensive 10-18 2.777-5.000 

heatinn value 
N,- free product 

gas Very 
Steam Medium heating endothermic 13-19 3.611-5278 value 

Enhanced H, process 
com em 

Table 2.4:Compnrison of gasification agents.129, 361 

Stearn blown gasification produces a syngas with an acceptable HHV 

value (I 0-16 MJ!Nrn'). Stearn is the preferred gasifying media when the 

desired end-product is tbe production of SNG. Conversely, air (or oxygen) 

is preferred for the production of BTL (Biomass to Liquid) fuels. such os 

methanol. [29] 

The advantages and disadvantages of using die deferent gasification media 

can be summarized as shown in Table 2.4. 
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The first process is the drying step where water evaporates using the 

heat released from later stages. 

The dried biomass then undergoes pyrolysis reactions. which releases the 

volatile components of the feedstock. 

These volatile vapors contain hydrocarbon gases. hydrogen. carbon 

monoxide, carbon dioxide. tars, and water vapor. The non-volatile fraction 

is commonly referred as char, and it mainly consist of fixed carbon and ash. 

Another gasification process is char conversion, where the remaining 

carbon reacts with steam or oxygen. TI1e exothermic combustion reactions 

are the heat source to drive the endothermic process of pyrolysis and char 

gasification reactions. Generally. pyrolysis occurs at much higher rates than 

the gasification reactions. 

Flgur< 2.14: Pyrolysis. gasification and combustion inn burning maicb stick. [371 

The conversion of biomass to a low- or medium-beating-value 

gaseous fuel in a gasifier generally involves several processes that show 

in Figure 2. I 4. 
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I- Drying: 

In this stage. the moisture content of the biomass is reduced before it 

enters pyrolysis. Typically. the moisture content of biomass varies from 5% 

to 40%. Drying occurs at about I 00-200°C with a reduction in the moisture 

content of the biomass to less than 2%. This step can be subdivided into 

two: the primary step is inen heating. whereby the feedstock panicles reach 

the allotted moisture temperature to evaporate and release. [36] 

vii. The Five Processes of Gasification 

Gasi fieation is made up throgh live thermal processes: Drying. 

Pyrolysis. Oxidation (Combustion). Cracking, and Reduction. these process 

shows in Figure2.15 & C.2. 

The gasification process can be classified into the following stages. 

which occur consecutively: 

In direct gasifiers, all processes of pyrolysis, char gasi l:ication and 

combustion occurs in one vessel. In the case of using steam. the 

gasification reactions are endothermic overall. The heat required to drive 

those reactions can be supplied externally or by introducing some air into 

the gasifier to bum pan of the available fuel. This second alternative bas 

the inherent disadvantage of diluting the syngas with nitrogen and, hence. 

lowering its calorific value. 

Direct gasifiers use both air and steam. indirect gasifier only use 

steam as gasifying medium. Produced syngas has a heating value - 13-19 

MJ/Nm·'. [29, 36] 
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4- Cracking: 

Cracking is the process of breaking down large complex molecules such 

as tar into lighter gases by exposure 10 beat. This process is crucial for the 

production of clean gas that is compatible with an internal combustion 

engine because tar gases condense into sticky tar that will rapidly foul the 

3- Oxidation (Combustion): 

This is a reaction between solid carbonized biomass and oxygen in the 

air, resulting in formation of CO,. Hydrogen present in the biomass is 

oxidized to generate water. A large amount of beat is released with the 

oxidation of carbon and hydrogen. If oxygen is present in sub­ 

stoichiometric quantities. partial oxidation of carbon may occur, resulting 

in the generation of carbon monoxide. (36] 

2- Devolatilization (Pyrolysis): 

This is essentially the thermal decomposition of the biomass in the 

absence of oxygen or air. (38] 

ln this process. the volatile matter in the biomass is reduced. This results 

in the release of hydrocarbon gases from the biomass. which reduces the 

biomass to solid charcoal. (36] 

Biomass begins to rapidly decompose with heat once its temperature 

rises above around 240°C. The biomass breaks down into a combination of 

solids (charcoal), liquids (tar) and gasses. [38] 

The hydrocarbon gases can condense al a sufficiently low temperature to 

generate liquid tars. 
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H,O O.arcoal and T•r KJC)andCOJ: HJ<ll'ld(O 

t t t t 
~ v '"'--·- ... ~,((CHO) blO'tltt\"((H~ t•l'l"/Vo'•Ot~ 

t t t t 
""" lle>1tiw• 01/ti• co ardH10 

C!ambmtioa 
Drying Pyfol}osll Ill CrKki .. Reduction 

·-•ao--~l\INIO -, ~a. 

l'lgure 2.15: Five Processes in Gasification. [38) 

In the absence (or sub-stoichiometric presence) of oxygen, several 

reduction reactions occur in the (800- IOOO)°C temperature range. These 

reactions are mostly endothermic. The main reactions in this category are 

the water-gas, Boudouard (c +co,..., zco), shift, and methane. 

These process shows in Figure 2.15 and Figure C.3. [36] 

5- Reduction: 

valves of an engine. Cracking is also necessary to ensure proper 

combustion because complete combustion only occurs when combustible 

gases thoroughly mix with oxygen. In the course of combustion, the high 

temperatures produced decompose the large tar molecules that pass through 

the combustion zone. [ 38] 
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viii. Gasification Classifications and Technologies: 

Gasification can be classified in several parameters: 

-By the agent, such as: 

a. Air-blown. 

b. Oxygen blown. 

c. Steam gasifiers. 

- By heat source, either: 

a. Auto-thermal or direct: 

Heal is provided by partial combustion of biomass. 

b. Allothermal or indirect gasifiers: 

Heal is supplied by an external source via a heal exchanger or aa 

indirect process. 

- By the gasifier pressure: 

a. Atmospheric. 

b. Pressurized. 

- The fourth and most common are by the reactor design and that 

follows three main subcategories: 

a. High temperature entrained How. 

b. Fixed bed (sometimes referred to as moving bed). 

c. Fluidized bed gasifiers. 



Figure 2.f(): Scheme and operating principle of eenventional fixed-bed gasifiers 

Explanations: Lefl: updrnfl gasifier; Righi: downdraft gasifier, [39] 

I- Fixed Bed Gasifiers: 

Moving bed gasifiers are countercurrem flow reactors in which the 

particle enters at the top of the reactor and air or oxygen enters at the 

bouom. As the particle slowly moves down through the reactor, it is 

gasified and the remaining ash drops out of the bottom of the reactor. 

Because of the countcrcurrent flow arrangement, the heal of reaction from 

the gasification reactions serves to pre-beat the particle before it enters the 

gasification reaction zone. Consequently, the temperature of the syogas 

exiting the gasifier is significantly lower than the ternperarure needed for 

complete conversion of the particle. 

Fixed bed gasifiers are simple to construct and generally operate 

with high carbon conversion, long feedstock residence time, low gas velocity. 

and low asb carry-over .• this type of gasifier shows in Figure 2.16. [36] 

ix. The common gasifier types 

More details on each of these designs are given below. 
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2- Fluidized Bed Gasifiers: 

A Ouidized bed gasifier is a back-mixed or well-stirred reactor in 

which there is a consistent mixture of new particle, particles mixed in with 

older, partially gasified and fully gasified particles. The mixing also fosters 

uniform temperatures throughout the bed. The llow of gas into the reactor 

(oxidant, steam, recycled syngns) must be sufficient to float the particles 

within the bed but not so high as to entrain them out of the bed. However, 

as the particles are gasified, they will become smaller and lighter and will 

be entrained out of the reactor. It is important that the temperatures within 

the bed are less than the initial ash fusion temperature of the particle to 

avoid particle agglomeration. These gasifiers are characterized by short 

residence time, high temperatures, high pressures. and large capacities. 

Entrained Flow Gasifiers A finely ground particle is injected in concurrent 

llow with the oxidant, The particle rapidly heats up and reacts with the 

oxidant. The residence time of an entrained flow gasifier is seconds to 

several seconds. Because of the short residence time. entrained now 

gasifiers must operate at high temperatures to achieve high carbon 

conversion. Consequently, most entrained flow gasifiers use oxygen rather 

than air and operate above the slagging temperature of the particle. The 

Feedstock requirements for different types of gasifiers nod the effect of the 

different gasifier technologies on the gas composition are presented m 

Figure 2.17 and Tables C.2. [36] 
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The main advantages are that die feedstock for thermochemical 

conversion can be any type of biomass including agricultural residues. 

forestry residues, non-fermentable byproducts from biorefincries. 

byproducts of food industry. byproducts of any bioprocessing facility and 

even organic municipal wastes; and the product gases can be converted to a 

variety of fuels (J-1,, Fischer-Tropsch (FT) diesels. synthetic gasoline) and 

chemicals (methanol, urea) as substitutes for petroleum-based chemicals; 

The major disadvantages are the high cost associated with cleaning the 

product gas from tar and undesirable contaminants Like alkali compounds, 

inefficiency due to the high temperatures required. and the unproven use of 

products (syngas and bin-oil) as transportation fuels. [30] 

x. Thermochemical conversion 

ExplnnOlions: Left: bubbling fluidised bed. right cireulating fluidised bed. [39) 

Flgur< l.17: Schemauc illustranon and operaung pnnople of fluidized bed gasifiers. 

... 

-- 
11.11-•ou --· 

..... ...... I' -L. ~-r- ·-- 
....... ..... ,.._ 

,,, __ - 
48 



2.4.4.1 Riogas Production: 

Biogas is produced from wet residues of animals. plants waste. and 

organic household and industrial wastes. 

Generally. all types of biomass can be used in AD process as long as they 

contain carbohydrates, proteins, fats. cellulose. and hemicellulose as main 

components. 

The substrates for AD can be classified according to various criteria: 

origin of biomass, dry matter (DM) content. methane yield and other. Table 

D. I gives percentage of dry matter and biogas production for some wastes. 

Substrates with DM content lower than 20% are used for what is 

called wet digestion (wet fermentation). This category includes animal 

slurries and manure as well as various wet organic wastes from food 

industries. When the DM content is as high as 35%. it is called dry 

digestion (dry fermentation). and it is typical method for energy crops and 

silages. 

In dry fermentation anaerobic digestion the material mainly has 

moisture content less than 75%. No mixing, no pre-treatment of organic 

waste also there is no need for liquid addition. On contrast. wet 

fermentation requires thm biomass and organic waste input undergo 

multiple treatment steps prior to entering digester system. Anaerobic 

digestion using input material that has moisture content greater than 75% 
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2.4.4 Riogas and Producer Gas production: 














































































































































































































































































































































	Thesis-6-6-2017- final-Black- for CD_001(1).pdf
	Thesis-6-6-2017- final-Black- for CD_002(1).pdf
	Thesis-6-6-2017- final-Black- for CD_003(1).pdf
	Thesis-6-6-2017- final-Black- for CD_004.pdf
	Thesis-6-6-2017- final-Black- for CD_005.pdf
	Thesis-6-6-2017- final-Black- for CD_006.pdf
	Thesis-6-6-2017- final-Black- for CD_007.pdf
	Thesis-6-6-2017- final-Black- for CD_008.pdf
	Thesis-6-6-2017- final-Black- for CD_009.pdf
	Thesis-6-6-2017- final-Black- for CD_010.pdf
	Thesis-6-6-2017- final-Black- for CD_011.pdf
	Thesis-6-6-2017- final-Black- for CD_012.pdf
	Thesis-6-6-2017- final-Black- for CD_013.pdf
	Thesis-6-6-2017- final-Black- for CD_014.pdf
	Thesis-6-6-2017- final-Black- for CD_015.pdf
	Thesis-6-6-2017- final-Black- for CD_016.pdf
	Thesis-6-6-2017- final-Black- for CD_017.pdf
	Thesis-6-6-2017- final-Black- for CD_018.pdf
	Thesis-6-6-2017- final-Black- for CD_019.pdf
	Thesis-6-6-2017- final-Black- for CD_020.pdf
	Thesis-6-6-2017- final-Black- for CD_021.pdf
	Thesis-6-6-2017- final-Black- for CD_022.pdf
	Thesis-6-6-2017- final-Black- for CD_023.pdf
	Thesis-6-6-2017- final-Black- for CD_024.pdf
	Thesis-6-6-2017- final-Black- for CD_025.pdf
	Thesis-6-6-2017- final-Black- for CD_026.pdf
	Thesis-6-6-2017- final-Black- for CD_027.pdf
	Thesis-6-6-2017- final-Black- for CD_028.pdf
	Thesis-6-6-2017- final-Black- for CD_029.pdf
	Thesis-6-6-2017- final-Black- for CD_030.pdf
	Thesis-6-6-2017- final-Black- for CD_031.pdf
	Thesis-6-6-2017- final-Black- for CD_032.pdf
	Thesis-6-6-2017- final-Black- for CD_033.pdf
	Thesis-6-6-2017- final-Black- for CD_034.pdf
	Thesis-6-6-2017- final-Black- for CD_035.pdf
	Thesis-6-6-2017- final-Black- for CD_036.pdf
	Thesis-6-6-2017- final-Black- for CD_037.pdf
	Thesis-6-6-2017- final-Black- for CD_038.pdf
	Thesis-6-6-2017- final-Black- for CD_039.pdf
	Thesis-6-6-2017- final-Black- for CD_040.pdf
	Thesis-6-6-2017- final-Black- for CD_041.pdf
	Thesis-6-6-2017- final-Black- for CD_042.pdf
	Thesis-6-6-2017- final-Black- for CD_043.pdf
	Thesis-6-6-2017- final-Black- for CD_044.pdf
	Thesis-6-6-2017- final-Black- for CD_045.pdf
	Thesis-6-6-2017- final-Black- for CD_046.pdf
	Thesis-6-6-2017- final-Black- for CD_047.pdf
	Thesis-6-6-2017- final-Black- for CD_048.pdf
	Thesis-6-6-2017- final-Black- for CD_049.pdf
	Thesis-6-6-2017- final-Black- for CD_050.pdf
	Thesis-6-6-2017- final-Black- for CD_051.pdf
	Thesis-6-6-2017- final-Black- for CD_052.pdf
	Thesis-6-6-2017- final-Black- for CD_053.pdf
	Thesis-6-6-2017- final-Black- for CD_054.pdf
	Thesis-6-6-2017- final-Black- for CD_055.pdf
	Thesis-6-6-2017- final-Black- for CD_056.pdf
	Thesis-6-6-2017- final-Black- for CD_057.pdf
	Thesis-6-6-2017- final-Black- for CD_058.pdf
	Thesis-6-6-2017- final-Black- for CD_059.pdf
	Thesis-6-6-2017- final-Black- for CD_060.pdf
	Thesis-6-6-2017- final-Black- for CD_061.pdf
	Thesis-6-6-2017- final-Black- for CD_062.pdf
	Thesis-6-6-2017- final-Black- for CD_063.pdf
	Thesis-6-6-2017- final-Black- for CD_064.pdf
	Thesis-6-6-2017- final-Black- for CD_065.pdf
	Thesis-6-6-2017- final-Black- for CD_066.pdf
	Thesis-6-6-2017- final-Black- for CD_067.pdf
	Thesis-6-6-2017- final-Black- for CD_068.pdf
	Thesis-6-6-2017- final-Black- for CD_069.pdf
	Thesis-6-6-2017- final-Black- for CD_070.pdf
	Thesis-6-6-2017- final-Black- for CD_071.pdf
	Thesis-6-6-2017- final-Black- for CD_072.pdf
	Thesis-6-6-2017- final-Black- for CD_073.pdf
	Thesis-6-6-2017- final-Black- for CD_074.pdf
	Thesis-6-6-2017- final-Black- for CD_075.pdf
	Thesis-6-6-2017- final-Black- for CD_076.pdf
	Thesis-6-6-2017- final-Black- for CD_077.pdf
	Thesis-6-6-2017- final-Black- for CD_078.pdf
	Thesis-6-6-2017- final-Black- for CD_079.pdf
	Thesis-6-6-2017- final-Black- for CD_080.pdf
	Thesis-6-6-2017- final-Black- for CD_081.pdf
	Thesis-6-6-2017- final-Black- for CD_082.pdf
	Thesis-6-6-2017- final-Black- for CD_083.pdf
	Thesis-6-6-2017- final-Black- for CD_084.pdf
	Thesis-6-6-2017- final-Black- for CD_085.pdf
	Thesis-6-6-2017- final-Black- for CD_086.pdf
	Thesis-6-6-2017- final-Black- for CD_087.pdf
	Thesis-6-6-2017- final-Black- for CD_088.pdf
	Thesis-6-6-2017- final-Black- for CD_089.pdf
	Thesis-6-6-2017- final-Black- for CD_090.pdf
	Thesis-6-6-2017- final-Black- for CD_091.pdf
	Thesis-6-6-2017- final-Black- for CD_092.pdf
	Thesis-6-6-2017- final-Black- for CD_093.pdf
	Thesis-6-6-2017- final-Black- for CD_094.pdf
	Thesis-6-6-2017- final-Black- for CD_095.pdf
	Thesis-6-6-2017- final-Black- for CD_096.pdf
	Thesis-6-6-2017- final-Black- for CD_097.pdf
	Thesis-6-6-2017- final-Black- for CD_098.pdf
	Thesis-6-6-2017- final-Black- for CD_099.pdf
	Thesis-6-6-2017- final-Black- for CD_100.pdf
	Thesis-6-6-2017- final-Black- for CD_101.pdf
	Thesis-6-6-2017- final-Black- for CD_102.pdf
	Thesis-6-6-2017- final-Black- for CD_103.pdf
	Thesis-6-6-2017- final-Black- for CD_104.pdf
	Thesis-6-6-2017- final-Black- for CD_105.pdf
	Thesis-6-6-2017- final-Black- for CD_106.pdf
	Thesis-6-6-2017- final-Black- for CD_107.pdf
	Thesis-6-6-2017- final-Black- for CD_108.pdf
	Thesis-6-6-2017- final-Black- for CD_109.pdf
	Thesis-6-6-2017- final-Black- for CD_110.pdf
	Thesis-6-6-2017- final-Black- for CD_111.pdf
	Thesis-6-6-2017- final-Black- for CD_112.pdf
	Thesis-6-6-2017- final-Black- for CD_113.pdf
	Thesis-6-6-2017- final-Black- for CD_114.pdf
	Thesis-6-6-2017- final-Black- for CD_115.pdf
	Thesis-6-6-2017- final-Black- for CD_116.pdf
	Thesis-6-6-2017- final-Black- for CD_117.pdf
	Thesis-6-6-2017- final-Black- for CD_118.pdf
	Thesis-6-6-2017- final-Black- for CD_119.pdf
	Thesis-6-6-2017- final-Black- for CD_120.pdf
	Thesis-6-6-2017- final-Black- for CD_121.pdf
	Thesis-6-6-2017- final-Black- for CD_122.pdf
	Thesis-6-6-2017- final-Black- for CD_123.pdf
	Thesis-6-6-2017- final-Black- for CD_124.pdf
	Thesis-6-6-2017- final-Black- for CD_125.pdf
	Thesis-6-6-2017- final-Black- for CD_126.pdf
	Thesis-6-6-2017- final-Black- for CD_127.pdf
	Thesis-6-6-2017- final-Black- for CD_128.pdf
	Thesis-6-6-2017- final-Black- for CD_129.pdf
	Thesis-6-6-2017- final-Black- for CD_130.pdf
	Thesis-6-6-2017- final-Black- for CD_131.pdf
	Thesis-6-6-2017- final-Black- for CD_132.pdf
	Thesis-6-6-2017- final-Black- for CD_133.pdf
	Thesis-6-6-2017- final-Black- for CD_134.pdf
	Thesis-6-6-2017- final-Black- for CD_135.pdf
	Thesis-6-6-2017- final-Black- for CD_136.pdf
	Thesis-6-6-2017- final-Black- for CD_137.pdf
	Thesis-6-6-2017- final-Black- for CD_138.pdf
	Thesis-6-6-2017- final-Black- for CD_139.pdf
	Thesis-6-6-2017- final-Black- for CD_140.pdf
	Thesis-6-6-2017- final-Black- for CD_141.pdf
	Thesis-6-6-2017- final-Black- for CD_142.pdf
	Thesis-6-6-2017- final-Black- for CD_143.pdf
	Thesis-6-6-2017- final-Black- for CD_144.pdf
	Thesis-6-6-2017- final-Black- for CD_145.pdf
	Thesis-6-6-2017- final-Black- for CD_146.pdf
	Thesis-6-6-2017- final-Black- for CD_147.pdf
	Thesis-6-6-2017- final-Black- for CD_148.pdf
	Thesis-6-6-2017- final-Black- for CD_149.pdf
	Thesis-6-6-2017- final-Black- for CD_150.pdf
	Thesis-6-6-2017- final-Black- for CD_151.pdf
	Thesis-6-6-2017- final-Black- for CD_152.pdf
	Thesis-6-6-2017- final-Black- for CD_153.pdf
	Thesis-6-6-2017- final-Black- for CD_154.pdf
	Thesis-6-6-2017- final-Black- for CD_155.pdf
	Thesis-6-6-2017- final-Black- for CD_156.pdf
	Thesis-6-6-2017- final-Black- for CD_157.pdf
	Thesis-6-6-2017- final-Black- for CD_158.pdf
	Thesis-6-6-2017- final-Black- for CD_159.pdf
	Thesis-6-6-2017- final-Black- for CD_160.pdf
	Thesis-6-6-2017- final-Black- for CD_161.pdf
	Thesis-6-6-2017- final-Black- for CD_162.pdf
	Thesis-6-6-2017- final-Black- for CD_163.pdf
	Thesis-6-6-2017- final-Black- for CD_164.pdf
	Thesis-6-6-2017- final-Black- for CD_165.pdf
	Thesis-6-6-2017- final-Black- for CD_166.pdf
	Thesis-6-6-2017- final-Black- for CD_167.pdf
	Thesis-6-6-2017- final-Black- for CD_168.pdf
	Thesis-6-6-2017- final-Black- for CD_169.pdf
	Thesis-6-6-2017- final-Black- for CD_170.pdf
	Thesis-6-6-2017- final-Black- for CD_171.pdf
	Thesis-6-6-2017- final-Black- for CD_172.pdf
	Thesis-6-6-2017- final-Black- for CD_173.pdf
	Thesis-6-6-2017- final-Black- for CD_174.pdf
	Thesis-6-6-2017- final-Black- for CD_175.pdf
	Thesis-6-6-2017- final-Black- for CD_176.pdf
	Thesis-6-6-2017- final-Black- for CD_177.pdf
	Thesis-6-6-2017- final-Black- for CD_178.pdf
	Thesis-6-6-2017- final-Black- for CD_179.pdf
	Thesis-6-6-2017- final-Black- for CD_180.pdf
	Thesis-6-6-2017- final-Black- for CD_181.pdf
	Thesis-6-6-2017- final-Black- for CD_182.pdf
	Thesis-6-6-2017- final-Black- for CD_183.pdf
	Thesis-6-6-2017- final-Black- for CD_184.pdf
	Thesis-6-6-2017- final-Black- for CD_185.pdf
	Thesis-6-6-2017- final-Black- for CD_186.pdf
	Thesis-6-6-2017- final-Black- for CD_187.pdf
	Thesis-6-6-2017- final-Black- for CD_188.pdf
	Thesis-6-6-2017- final-Black- for CD_189.pdf
	Thesis-6-6-2017- final-Black- for CD_190.pdf
	Thesis-6-6-2017- final-Black- for CD_191.pdf
	Thesis-6-6-2017- final-Black- for CD_192.pdf
	Thesis-6-6-2017- final-Black- for CD_193.pdf
	Thesis-6-6-2017- final-Black- for CD_194.pdf
	Thesis-6-6-2017- final-Black- for CD_195.pdf
	Thesis-6-6-2017- final-Black- for CD_196.pdf
	Thesis-6-6-2017- final-Black- for CD_197.pdf
	Thesis-6-6-2017- final-Black- for CD_198.pdf
	Thesis-6-6-2017- final-Black- for CD_199.pdf
	Thesis-6-6-2017- final-Black- for CD_200.pdf
	Thesis-6-6-2017- final-Black- for CD_201.pdf
	Thesis-6-6-2017- final-Black- for CD_202.pdf
	Thesis-6-6-2017- final-Black- for CD_203.pdf
	Thesis-6-6-2017- final-Black- for CD_204.pdf
	Thesis-6-6-2017- final-Black- for CD_205.pdf
	Thesis-6-6-2017- final-Black- for CD_206.pdf
	Thesis-6-6-2017- final-Black- for CD_207.pdf
	Thesis-6-6-2017- final-Black- for CD_208.pdf
	Thesis-6-6-2017- final-Black- for CD_209.pdf
	Thesis-6-6-2017- final-Black- for CD_210.pdf
	Thesis-6-6-2017- final-Black- for CD_211.pdf
	Thesis-6-6-2017- final-Black- for CD_212.pdf
	Thesis-6-6-2017- final-Black- for CD_213.pdf
	Thesis-6-6-2017- final-Black- for CD_214.pdf
	Thesis-6-6-2017- final-Black- for CD_215.pdf
	Thesis-6-6-2017- final-Black- for CD_216.pdf
	Thesis-6-6-2017- final-Black- for CD_217.pdf
	Thesis-6-6-2017- final-Black- for CD_218.pdf
	Thesis-6-6-2017- final-Black- for CD_219.pdf
	Thesis-6-6-2017- final-Black- for CD_220.pdf
	Thesis-6-6-2017- final-Black- for CD_221.pdf
	Thesis-6-6-2017- final-Black- for CD_222.pdf
	Thesis-6-6-2017- final-Black- for CD_223.pdf
	Thesis-6-6-2017- final-Black- for CD_224.pdf
	Thesis-6-6-2017- final-Black- for CD_225.pdf
	Thesis-6-6-2017- final-Black- for CD_226.pdf
	Thesis-6-6-2017- final-Black- for CD_227.pdf
	Thesis-6-6-2017- final-Black- for CD_228.pdf
	Thesis-6-6-2017- final-Black- for CD_229.pdf
	Thesis-6-6-2017- final-Black- for CD_230.pdf
	Thesis-6-6-2017- final-Black- for CD_231.pdf
	Thesis-6-6-2017- final-Black- for CD_232.pdf
	Thesis-6-6-2017- final-Black- for CD_233.pdf
	Thesis-6-6-2017- final-Black- for CD_234.pdf
	Thesis-6-6-2017- final-Black- for CD_235.pdf
	Thesis-6-6-2017- final-Black- for CD_236.pdf
	Thesis-6-6-2017- final-Black- for CD_237.pdf
	Thesis-6-6-2017- final-Black- for CD_238.pdf
	Thesis-6-6-2017- final-Black- for CD_239.pdf
	Thesis-6-6-2017- final-Black- for CD_240.pdf
	Thesis-6-6-2017- final-Black- for CD_241.pdf
	Thesis-6-6-2017- final-Black- for CD_242.pdf
	Thesis-6-6-2017- final-Black- for CD_243.pdf

