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Nomenclature list

Simple |Description
°Cls Celsius degree per second
AD Anaerobic Digestion
AER Air Equivalent ratio
Ar Argon
B Biogas yield
BFB bubbling Fluidized bed
BTL Biomass to liquid
C Carbon Atom
C- cellulose'hemicelluloses

Light Hydrocarbons
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Simple Description
CAD Centralized anaerobic digestion
CFB Circulating Fluidized bed
CH, Methane Gas
CHP combined heat and power
Cl Chlorine
Cl, Molecular Chlorine
co Carbon Mono Oxide
Co, Carbon dioxide
CoD chemical oxygen demand
cont. continue
COS Carbonyl sulfide
CS; carbon disulfide
Ein the potential for electric recovery
EJ Exa joule: is equal to one quintillion (10'") joules
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Simple Description
ER Equivalent Ratio
F- fast pyrolysis
FT Fischer-Tropsch
GHG greenhouse gasses
Gt (Gigatonne
GWh Giga watt hours
GWhe Giga watt hours electrical
H Hydrogen Atom
H. Hydrogen Gas
H.O Water
H.S hydrogen sulfide
HCl Hvdrogen chloride
HHV Higher heating value
Je. Jefit
Je.Po. Jefit & Poultry manure
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Simple Description
Je.Po.Se. Jefit, Poultry manure & Sewage Sludge
Je.Se. Jefit & Sewage Sludge
K kelvin
kWh kilo watt hour
kWh/m’ kilo watt hour per cubic metric
L- lignin
LHV Lower heating value
m's meter per second
MHSW Municipal Household solid waste
MI/Nm’ Mega joule per Normal cubic Metne
MPa Mega pascal
Mt Megaton
MW Mega watt
N Nitrogen Gas

N,O

Nitrous oxide
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Simple Description
NH; ammonia
Nm' Normal cubic metric
NO nitrogen monoxide
NO- nitrogen dioxide
NOx Mitrogen Oxides
O Oxygen Atom
0 Oxvegen Gas
W Celsius degree
ODM Organic Dry Matter
OER Oxygen Equivalent ratio
OMWW olive mill wastewater
OTS Orgamic Total Solid
P Number of Slaughtered Poultry
P- slow pyrolysis
PCBS Palestinian Central Bureau of Statistics
PG Producer gas production
A numeric scale used to specify the acidity or basicity
pH of an agueous solution.
PM2.5 | particulate matter with a diameter of 2.5 micrometers




Simple Description
Po. Poultry manure
Po.Se Poultry manure & Sewage Sludge
PVSOL Software for Design ur:d. _Silﬂl:liillitrn of Photovoltaic
Systems
PWh Peta watt hour
Qciu the heating value
RPR residue to product ratio
S Sulfur
5- steam
Se. Sewage Sludge
SNG synthetic natural gas
S04 Sulfur dioxide
SOx Sulfur oxides
Syngas synthesis gas
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Simple Description
t/cap tons per capita
TJ Tera joule
TS Total Solid
T, Steam Temperature
UASB Upflow Anaerobic Sludge Blanket
WB&GS West Bank and Gaza Strip
WGS water gas shifi
T Year

M.

Electrical Efficiency
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Experimental and Simulation of Biomass Conversion by Gasification

and Biodigestion: Potential of Bioenergy in Palestine
By
Ashraf Hijazi Deep Imraish
Supervisor
Dr. Abdelrahim Abu Safa

Abstract

West Bank & Gaza Strip (WB&GS) are known to be very poor
territories 1n terms of fossil fuel resources. At the same time, energy
alternatives are not defined well specially the non-conventional types such
as biomass, Biomass can be defined as a material which is recently derived
from the sources of animals and plants that use sunlight to 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
fuel.

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 referning to 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, assunung that the proper
conversion method 1s anaerobic digestion, the mount of potential electrical
energy from some agricultural, industrial, animal and poultry residues was
estimated to be 192.573GWhe, the potential of electrical energy from
agricultural residues and Mumicipal Household solid waste (MHSW) is

816.716GWhe 1f a gasification process is used.



XXV

The gasification process was studied in details as an mportant
conversion method. For this purpose a homemade gasifier was designed
and constructed. The gasifier was operated using Jefi 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 oxyvgen Equivalent Rato, steam ratio, CO,
to Biomass ratio. hydrogen mject and effect of recyeling of the producer
gas on the gasification of jeft 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 oxygem injection) gives
maximum cold gas efficiency. The optimum steam to biomass ratio was
found to be 2.5, whereas the optimum steam temperature was found to
bel350°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 at steam to biomass ratio of 1.4.

When Hydrogen was injected in the pasifier device. the
concentration of Hydrogen m producer gas was found to be more than
96%. The generation of traces gas (NOx & Sox) during the gasification
process is low. It was concluded that the percentage of volatile matter and
fixed carbon of feedstock are the most important factors that affect the

guality of producer gas.
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Introduction

L.1. Introduction

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 1.1,
the world population was 3.7 billien in 1970 and expected to be 8.5 hillion
in 2030 with annual increasing rate of 1.2%. The world energy
consumption in 1970 was nearly 27 PWh (Petawatt hour) and 195 PWh in

2030 with annual mcreasing rate of 1.9%. [1]
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Figure 1.1: Comparison of the energy consumption and populstion growih m the world. [1]

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

fossil fuels. Unfortunately, these sources of energy cause many problems
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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 1.2 fossil fuels are the main source for
energy production with 82% of the total energy consumption,
Unfortunately, the portion of the remewables from the total world
consumption 15 not more than 11%. The anticipated percentage of
renewables is only 16% which is not enough to prevent global warming

and facing the increasing energy demand.

2011 2020

m Renewables (other than large hyvdro) = Hydro (=10MW) ®Nuclear ®Fossil
Figare 1.2: Total Pnmary Energy Supply by resource 2011 and 2020. [2]

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

was about 63.121.14 TJ (Tera Joule) m 2013 and the main source of this

energy was the fossil fuel. WB&GS 1s known to be very poor country in terms

of fossil fuel resources. All fossil fuels imported from near countries. [3]
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As shown in Figure 1.3 the main types of fossil fuels that are used in
WB&GS are Diesel (58.31%), Gasoline (21.80%), and LPG (17.54%). The
consumption rate of fossil fuels in 2013 was about 56.59%, while the
renewable energy source was not more than 16.4% (Solar thermal and

biomass) as indicated in Figure | 4.

L18%
E Bitumen
® (his and Lubricants
mLPG
B Kerosene
® Gasoline

1 Diesel

Total Fossil Fuels Supply= 35720.51TJ

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

On the other hands, other source of energy in 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 matenals produced from biomass, The approximate
consumption rate of olive cake, wood and coal 15 5791 .46 TJ, this value is
equivalent to 9.16% of total energy consumption, these values for all type
of energy sources in WB&GS show mn Figure 1.4 and the energy balance
show in Table A.1,



renewahle
ENErgy

| Fossil Fuels
= Electricity
m Solar Energy

7.24% | Olive Cake,
Wood & Charcoal

Total Energy Supply= 63,121.14TJ

Figare 1.4: Energy balance of WB&GS in 2013

1.2. Energy Situation in WB&GS

The energy situation in WB&GS 15 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 natural 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 insecunty. WB&GS faces continuing growth in
energy demands, 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]
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1.3, The main sources of renewable energy in WB&GS

In 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
heating), and biomass (wood and agnicultural waste) for cooking and
heating in rural areas.

The mamn 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 m 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.

The more important locally produced energy material 1s animal dung,
which 1s used for biogas production.

Municipal solid waste can be classified as a source of biomass. Waste
output in the WB&GS approximately 2,551 ton/day. This is mostly being
disposed in landfills. [5]

In addition to that, WB&GS has 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/ (m”.day) on horizontal surface. WB&GS
is one of the leading countries in using solar water heaters for domestic

applications.
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The solar energy i1s used in different applications such as water
heating, drving 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 1s wind energy. It 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 m/s. The Jordan Vallev, represented in Jencho. also has
very low wind speeds (2-3 m/s annually). In fact, the wind energy potential

in WB&GS has. until now, not been professionally assessed. [4]

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 pgasification process to
find out a durable and a rehiable altemative energy source for
Palestinians.

- Highhght some of conversion techniques and routes for the
biomass resources.

- Design homemade downdraft gasifier.
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- Expernimental study of the effect of biomass and operating
parameters on the efficiency of gasification process and producer
gas quality.
= Study the effect of main parameters on gasification process using

a suitable simulation model.



Chapter Two

Biomass:
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Chapter Two

Biomass

2.1 Introduction:

The word biomass consists of “bio™ + “mass”, and originally used i

the field of ecology simply referring to amount of animal and plant.
Biomass 15 the matter that can be derived directly or indirectly from plant
which is utilized as energy or materials in a substantial amount.
Biomass 1s renewable resource and the energy denved from biomass 1s
called renewable energy. The use of biomass as a source of energy 1s very
attractive, since 1t can be a zero net CO, (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 CO, released durning the consumption of
biomass energy. [6]

Biomass can be used to meet a vanety of energy needs, including
generating electricity, heating homes. fuelling vehicles and providing
process heat for industnial 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 chenucals, pharmaceuticals and food additives. [7]
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1.2 Biomass resources and 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]

Agnicultural biomass was divided into crops, residues and livestock.
Forestry biomass was divided into industnal roundwood (for construction,
fumiture and paper) and fuelwood. [8]

Biomass category and resources can be grouped into the following
categories as presented in the Figure 2.1. In this categonzation, biomass
includes not only the conventional product and waste from agriculture, but

also plantation biomass.

Blomass

Conventional Blomass Resources
— Agriculture, Forestry (Woody), Fishery, Livestock farming
Food, Materials, Medicine, Timber, Pulp, ete.

Blomass Wastes (Derivatives)
e Agncultural, Forestry, Fishery, Livestock residues (wasles) Rice straw,
Cattle manure, Lumber mill, Sawdust, Sewage Sludge, Black liquor

FPlantation Blomass
Forestry. Eucalyptus, Poplar, Willow. Oil patm
Herbaceous, Sugarcane, Switchgrass, Sorghum, Com, Rapeseed.
Aguatic Giant kelp, Water hvacinth, Algae

Figure.1: Biomass categorization (in terms of use and application), [6]
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The main resources of biomass include several species. animal
wastes, Agricultural biomass, Forest biomass, and mumicipal 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 agnicultural 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 i1s 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. It 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]

2.3 Global biomass production
Between 1960 and 2010. global biomass consumption increased
more than doubled in absolute terms causing per capita availability of
biomass to remain almost constant at around 3 (ton) per person per year.
Global extraction of biomass mncreased from roughly 7 Gt

(Gigatonne) to 19 Gt between 1950 and 2010. However. the per capita
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availability of biomass only increased slightly from 2.7 (ton)s per capita in

1950 to 3.1 t/cap (tons per capita) in 2010 (Figure 2.2).

= Primary crops = Crop residues
» Fodder crops/grassland harv » Grazed bomass
= 'Wood = Fsh capture

1850 1980 1870 1880 1580 2000 2010
Selocted yoars

Figure 2.2: Global extraction of biomass between 1950 and 2010 in {V'cap) and by main
biomass categories [9]

The energy content of all crops (agncultural crops) including
residues produced worldwide is estimated at ~200 EJ (Exajoule), and
grassland and rangeland produce ~115 El, mamly for the human food
system. The net input is about 100 ENyr (Elvear). 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)
~11 EJ). [8]
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12.3.1 Energy System:

About 2700 Mt'yr (~49 El/yr) which 15 about 60% of total annual
harvest is currently harvested for fuelwood and power generation. The most
is used as fuelwood for heating and cooking (about 2200 Mt, 40 EJ or 48%
of global total timber harvest), and about 300 Mt (or ~6 EJ or 8%) is used
as solid biomass for power generation and the remaining 4% (=3 EJI) is lost
in the process. [§]

2.3.2 Materials system:

About 965 Mt or 17 EJ of biomass is harvested annually for industnal
roundwood for construction and paper and cardboard (Figure 2.3). Some
570 Mtiyr (10 Elfyr) of the total industrial roundwood production is
annually converted to saw logs for wood products (about 350 Mt/yr) and
construction (110 Mt/yr). [8]

Flgure 2.3: Main global wood flows [§]
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1.4 Biomass to energy conversion methods

Biomass energy is an important source of energy m most countries.
Huge amounts of biomass energy such as agricultural residues, dung and
leaves are used by households and industries. The mam household
applications are cooking and heating also industrial applications are heating
applications, biomass fuels are 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. [10]

Biomass can be converted to electricity, heat and fuels via
biochemical (Fermentation and anaerobic digestion), mechanical
{extraction) and thermochemical (pyrolysis. combustion and gasification)
processes (see Figure 2.4). The behavior of different types of biomass
during conversion depends on organic and inorganic chemical

structures.[6]

Blomass
Thermochemical Biochemical Mechanical
Combustion || Gasification || Pyrolys | l':mm“"llmgﬁﬂml [Combustior]
i ] i L l
e G W W
Steam Syngas Oil Bioga Ethano Bio-diesel

Charcoal

| I
L1 LU

Heat Electriclty Fuels

Flgure 2.4: From biomass to energy products and fuels [7]
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One way of minimizing the negative effects of wastes and
maximizing the value of biomass 15 to convert biomass into a vanety of
chemicals, biomaterials 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 (bio-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 fermentation processes
such as ethanol fermentation, methane fermentation. [6]

Different available technologies. Feedstock, processes and final
products of biomass energy alternatives shown m Figure C.]1 that gives
clear understanding of these technologies, the processes involved, the types

of applicable feedstock and the final products of each technology. [11]
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The following are some of the best conversion routes frequently

adopted.

2.4.1 Mechanical Extraction

Extraction 15 a mechanical conversion process used to 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 it with alcohol using a

process termed esterification to obtain bio-diesel. [12]

2.4.2 Biochemical Conversion Processes

Biochemical conversion involves breaking down the hemicellulose
fraction and making the remaining cellulose matenial more accessible for
reaction. The lignin components of the original biomass remain unreacted
throughout the biochenucal process. The lignin can be recovered and used
as fuel by thermochemical conversion process. [13]

Biochemical conversion is used to produce some commercial bulk
chemicals, such as ethanol. lactic acid and citnic acid, have been produced
via yeast and bactenal fermentation processes. [7]

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

and fermentation processes.
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2.4.2.1 Anacrobic 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
3540 % of carbon dioxide (CO,) with small guantities of traces of
hydrogen (H,). nitrogen (N}, 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 flow sheet for processing biomass using AD 15 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 heat or to be used as transport fuel. [11, 12]
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Figure 2.5: Anaerobic digestion { AD} Process. [11, 12]

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 converted 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 stnctly anaerobic
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bactenia. The percentage of methane in the final mixture has been reported

to vary between 50 to 80%.

T2%

1
1 I
1 1 I
1 20% ! !
T T I
I I
: Stage 1: 1 Stage 2: , Stage 3: "
| Hydrolysis and | Acetogenesis and Methane I
I fermentation : dehydrogenation fermentation :
L]

Figure 2.6: Steps in anaerobic digestion process with energy flow represented as %

chemical oxygen demand (COD).

A typical mixture consists of 65% methane and 35% CO, with traces
of other gases. The methane producing bacternia 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 to 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%. Another advantage is the

availability of conversion systems in smaller units. Also the residue has a
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fertilizer value and can be used in crop production. The primary
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 the cost of biogas storage. [14]
The lignin fraction of biomass cannot be converted by anaerobic

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

2.4.2.27 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. [12]
Advantages and Disadvantages of Anaerobic Digestion

Advantages:
|- AD contributes 1n reducing the greenhouse gases and reducing
overall emission.
2- AD provides a source of clean energy with net zero CO,.
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,
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5- The use of the digestate also can help reducing fuels that can be used
in fertilizer manufacturing.
- AD reduces the likelihood of soil and water pollution to happen,
compared to disposal of untreated animal manure/slurnes.
T- The treatment can also lead to reduction up to 80% of the odor and it
destroys wvirtually all weed seeds, thus reducing the nead for
herbicide and other weed control measures.
8- AD converts residues mto potentially saleable products: biogas, soil
conditioner, liquid fertilizer.
Disadvantages:

AD projects will create some risks and have some potential negative
environmental impact. AD has significant capital and operational costs,
All 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]
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2423 Anacrobic Digesters Tvpes:

There are many types of anaerobic digesters that can be used for
agricultural, industnial, and wastewater treatment facility wastes. They
differ by degree of complexity and the type of waste being digested. These
types are described below.

ii. The first generation biogas reactors:

Three main types of biogas faciliies have been successfully
developed for widespread biogas production in households and industnal
use. These are the *Chinese Digester” of fixed dome type. the *Indian
Gobar Gas Plant” of floating gas holder type and the rectangular
commercial size biogas digesters developed in Taiwan. Shown in Figure

2.7 1s the common Chinese digester design,
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Flgure 2.7: The Chinese Digester of the dome type,
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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
floating gas holder.
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Figure 2.8: The Indian Gobar Gas Plant schematic showing cross-

sectional design,

The Indian design uses concrete inlet and outlet tanks and reactor.
The steel cover acts as the floating gasholder. These digesters have no
pumps, motors, mixing devices or other moving parts and digestion takes
place at ambient temperature. As fresh material 1s added each day, digested
slurry is displaced through an outlet pipe. The digesters contain a baffle m
the 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 15 an example of a rectangular biogas digester used m

commercial animals in Taiwan. The gas holder is designed and constructed

separately.
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Flgure 2.9: The Taiwan rectangular digester design with & separate gas holder.

While the above designs have been operated successfully, but the main
disadvantage is the long retention times of between 30 to 60 days. Thus, for
large scale units, they require larger reactor volumes which make the initial
cost and area requirements guite 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 vanations in the quantity and quality of feed,
they are resistant to shock loadings. The only operating procedure made 1s
the daily mixing of the slurry. Table B.] shows the comparison of various
plant designs of digester. [17]

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 mmprovements of such digesters can be largely



26
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 has caused widespread attention
is the development of the upflow 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 charactenstics 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 bactena 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 1ts job
without harming the population of the other types of microorganisms. The
retention times have been reduced for most of the 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.
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Figure 2.10: Some examples of second generation biogas digesters. [17)

2.43 Thermochemical conversion processes

Biomass wastes can be easily converted into other forms of energy at
high temperatures; they break down to form smaller and less complex
molecules both liquid and gaseous including some sohid products.
Combustion represents a complete oxidation to carbon dioxide (CO.) and
water (H.0). By controlling the process using a combination of

temperature, pressures and various catalysts, and through limiting the
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oxygen supply, partial breakdown can be achieved to yield a vanety of
useful fuels.
The thermo-chemical conversion invelves any of the following process
options; combustion, pyrolysis (charcoal production) and gasification.
Among all these processes. gasification 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.
¢. Range of liquid, solid and gaseous products 1s produced.
d. Some processes do not require additional heat 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 2.11.
Biomass
feedstock
l | | |
Therma- Liguefaction/
chemicaj  Combustion Leasticution Exraiyss Hyvdro-
Process E I Thermal
| [ | | — |
Mailn Hot Low Energy Medinm-
Product e Gas Energy Gas Char Hydrocarbons
| l |
l W 1 ¥ ! v
. Steam Internal Fuel Syn. Liguids Fuel 0l
Final energy  progess Combustion Gases Methanol and
products B Engines Methane Gasoline Distillate

Electricity

Figure 2.11: Thermochemical Process: [12]
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The following Table (Table 2.1) shows the advantages of

thermochemical

process.

conversion of blomass

over hiological/biochemical

Table 2.1: Advantages of thermochemical comversion of biomass

over biological/biochemical process.

121]

Thermochemical

Biological/ biochemical

{1)Effectively applied to almost
any biomass feedstock.

Involves the use of microbes,
enzymes, and/or chemicals to utilize
the limited range of biomass

{2)Relatively higher productivity
( production per unit time) due to
completely chemical nature of
reaction.

Productivity is imited due to
biological conversion. Increase
would require higher capital
investment such as bigger reactor

(3)Multiple hugh-value products
possible using fractional
separation of products.

Normally, limited to one or few
products and would require
additional microbial culture,
enzymes for more products

(4)Independent of climate
conditions. operates at much
higher temperature range.
therefore. effect of ambient
temperature will be minimal

Mostly susceptible to ambient
temperature, and so forth such as
anaerobic digester. sunlight for algal
ponds

{5)Mostly complete utilization of
the waste/biomass.

Production of secondary wastes
such as biomass sludge

The conversion of lignin mto added-value products 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 hiquefaction (500-600 K, 5-20 MPa). [22
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2.4.3.1 Combustion:

Combustion is the burning of biomass in air and rapid oxidation
generating heat, or both light and heat. It is used to 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 at temperatures around 800-1000°C. [23. 12]

Combustion used mostly for biomass with moisture content less than
50%, The combustion technologies can either by fixed bed or fluidized bed
systems. [13]

The heat released from combustion can be used directly in thermal
applications. It 1s used to raise steam which, when driving turbines or steam

engines, can be converted into shaft power or electricity. [24]

2432 Pyrolysis:

Pyrolysis 1s the conversion of biomass to produce three phases: Solid
{Charcoal), liquid (Bio oil), and gaseous fractions (mainly CO,, CO, H, and
CH,). by heating the biomass in the absence of air, Figure 2.12 shows the
range and possible vields of pyrolysis energy products. [12, 25]

Up to 35% yield

—*  Charcoal {Carbonlzation, slow
pyrolysls)

. Up to 80%
Pyrolysls 1 5 mig-on i(Flash pyrolysis, low
temperature)

U'p to 80%%

| S Fuel Gas (Flash pyrolysis, low
temperature)

Figure 2.12: Characteristics of different types of pyrolysis [12]
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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.

i. Slow or Conventional pyrolysis:

Slow or conventional pyrolysis 1s charactenzed by relatively low
temperatures, a temperature of about 350 *C, low heating rates, and high
residence times; A heating rates of this pyrolysis about <30°C/min and
residence time of several hours. The methodology is based on using large
solid preces of feedstock and heating in situ to a set temperature for a
period of time. The best known application of slow pyrolysis is the

manufacture of charcoal. This technology called carbonization. [25, 26]

ii. Fast pyrolysis:

This type of pyrolysis used to produce mostly liquid (bio oil)
product. The vield of oil or liquid 15 normally around 65-75% of the
feedstock biomass and the amounts of char and gas are typically 10-25 and
10-20%, respectively.

The residence time of solid in fast pyrolysis is of the order of a few
seconds or less with a heating rate of hundreds of °C/s (=100°C/s )and the
temperature range used 1s 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]
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iii. Flash pyrolysis
Flash pyrolysis 1s an extension to fast pyrolysis where heating 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]

2.4.3.3 (Gasification:

Gasification 15 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
pxidizers. It is a partial oxidation process in a sense that the oxypen added
1s less than the stoichiometric amount required for complete combustion,
this gas is known as a producer gas or a synthesis gas (svngas) which
contains mainly mixture of hydrogen (H,), carbon monoxide (CO), a little
of carbon dioxide (CO.). methane (CH,), small quantities of other light
hydrocarbons( CsH,,) and steam (H.O) including mitrogen (N;) present in
the air that was supplied for the reaction. This gas used as fuel to generate
electricity in large system through the use of a gas turbine in smaller
systems, and also it used into transportation fuels: the synpas can be
directly burned in internal combustion engines, reciprocating engines,
micro turbines, Stirling engines, fuel cells. or further processed to produce
chemicals, hiquid fuels, SNG (synthetic natural gas) or hydrogen.

The range of calonfic value of pas produced is between (4-40)
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MJ/Nm' as show in Table 2.2, these differences depend on the type of
material that using in oxidizing gas.

The low calonfic value (CV) gas produced can be bumnt 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, 12, 13, 29]

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

CV range
Type (MJ/Nm')
Low CV 4-fi
Medium CV 12-18
High CV 40

Gasification has gained more interest than other thermochemical
methods as it offers higher efficiencies compared to combustion and
pyrolysis. [29]

Gasification has many advantages over combustion. The main
advantages of producing heat and electncity using gasification over direct
combustion are:

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

achieve higher efficiencies than combustion efficiency.

» The overall efficiency of gasification i1s higher because gaseous fuels,
having improved combustion characteristics, burn more efficiently
than solid fuel.

» Production of gas provides an opportunity to remove contaminants

that ultimately produce NOx and SOx emissions. [30]
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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. In chemical methods tar are

decomposed to smaller molecules. Physical methods completely remove

the tars from the syngas. Typical physical devices are cyclones, filters,

electrostatics precipitators and scrubbers. [29]

i. Advantages of biomass gasification:

There are several advantages ol hiomass gasification compared to

direct combustion:

Numerous options for power production including pas engines, pas
turbines and fuel cells. Direct combustion on the other hand s hmited 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.
Integration or co-ring in existing natural gas or coal red power plants
thus reducing the net CO, emissions.

Hydrogen production or production of a high-yield hydrogen gas

mxure,
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* Basis for further chemical synthesis potentially able to produce a wide

range of chemicals. [31]

ii. Gasification Reactions

The complexity of the gasification process i1s 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 wvield most of the CO and H, (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 H.O (Eguation 2.9). In order to achieve a high
thermodynamic efficiency, exothernuc reactions should be coupled with

the endothermic reactions (2.1) and (2.2). [29]
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Table 2.3: List of main gasification reactions. [32, 33]

: AHzgg Equation
Reaction Type Equation (k/maol) No
Carbon Reactions
{ Boudouard) C+ C0y = 200 +172 2.1
{water-gas or steam) C4+H,0=C004H, +131 22
(hvdrogasification) C 4+ 2H, = CHy - T4.8 23
Partial combustion C 4+ 0505 = CO - 111 24
Oxidation Reactions
The combustion reaction C40, =0, — 304 25
Lo+ 050, — COy - 284 2.6
Methanation resction CH, 4+ 20, « €0y + 2H0 RO3 2.7
The combustion reaction H, + 0.50, = H,0 242 1
Shift Reaction

by ﬂm’ii'iﬁj:mm’ CO + Ha0 = €03 + Ha 412 29

Methanation Reactions
200 4 ZHs = CHy + COy _ 247 210
CO 4+ 3H: ~= CHy+ H0 - 206 L1
CO; + 4Hy — CHy + 2H0 | — 165 212

Steam-Reforming Reactions

CHy + Ho0) &= CO 4+ 3H- + 206 X13
CH, +0.50, = CO + 28, — 16 2.14
Sulfur combustion 5+ 0. — 50, -397 215
H;S formation 50,4 3H, = H,S+ H,0 -307 216
53 formation C+ 25 « (5, +115 217
{05 formation CO+ 5o COS +63 218
MH; formation N, + 3H, « 2NH,, -46 219
N0, formation Ny + 205 = ZNO, +h 2.20
COS hydrolysis COS+ H,0 — H.5 + L0, —3 2.21

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 to a cormer with a pure component (C, O, or H) represents

zero concentration of that component. For example, the horizontal base in
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the diagram opposite to the hydrogen corner represents zero hydrogen that
is, binary mixtures of C and O. 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 contans. Lignin would
generally have lower oxygen and higher carbon compared to cellulose or
hemicellulose, The diagram can also show the geological evolution of
fossil fuels. With age the fuel moves further away from the hydrogen and

oxygen comners and closer to the carbon comer. [34]

Figure 2.13: C-H-0 ternary diagram of biomass showing the gasification process,
Where: H-hydrogen, S-steam, O-oxygen, P-slow pyrolysis, F-fast pyrolysis. L-lignin,

C-cellulose'hemicelluloses. [34]

As mentioned above, the termary 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
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toward hydrogen and away from oxygen, which implies higher liquid
product. Oxygen gasification moves the gas product toward the oxygen
corner. while steam gasification takes the process away from the carbon
corner. The hydrogenation process increases the hydrogen and thus moves

the product toward hydrogen. [34]

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.
¢. Fixed bed gasifiers: subdivided mto counter-current {updraft), co-
current (downdraft) and cross-current moving beds.
The reactors can be operated at atmosphenc pressure or at higher
pressures. but the latter 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 1o extend the solids residence time. CFB have
been successfully demonstrated up to 100 MW, and they are also expected

to be stable and reliable at higher power ratings. Atmospheric BFB



39
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 techmiques (fixed
bed and fluidized bed) are presented in Table C.1. [35]
The feedstock requirements. mode of operation, and output products

obtained in each gasifier type are compared in Table C.2 and C.3.

v. Gasifving Medium

There are mainly 3 gasifying media or blasts: air, steam and pure
oxveen. Hence, the blast alwayvs contains oxvgen, either as free oxvgen or
bound as for steam or CO,. [29]

The simplest form of gasification is air gasification in which biomass
1s subjected to partial combustion with a limited supply of air. Air gasifiers
are simple. cheap and reliable. Their chief drawback is that the pas
produced 1s diluted with mitrogen and hence has low calonfic value. The
gas produced is uneconomical 1o distribute:; it must be used on-site for
process heat.

In oxygen gasification, pure oxvgen 15 used so that the gas produced
is of high energy content. The chief disadvantage of oxygen gasification 1s
that 1t requires an oxygen plant and thus increases the total cost of
gasification. [14]

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

with medium heating value (10-13 MI/Nm').
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Steam blown gasification produces a syngas with an acceptable HHV

value (10-16 MJ/Nm’). Steam is the preferred gasifying media when the

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

15 preferred for the production of BTL (Biomass to liquid) fuels, such as

methanol. [29]

The advantages and disadvantages of using the deferent gasification media

can be summarized as shown in Table 2.4.

Table 2.4:Comparison of gasification agents. |29, 36|

Gasification
agent

Heating value of
product gas

Advantages Disadvantages
MJ/Nm® | KkWh/Nm*
Air Inexpensive Lowheating |, o 1| |11.1.944
value
N;- free product
Oxygen gas Medium Expensive 10-18 | 2.777-5.000
heating value
N;- free product
gas Ve
Steam M“’d":_:‘h]:“““g endothermic | 13-19 | 3.611-5.278
Enhanced H- P
content

vi. How Gasification Works

Gasification is most simply thought of incomplete combustion. It is

burning solid fuels like wood or coal without enough air to complete

combustion. The output gas 1s combustible gas. The unburned gas is then

piped away to burn elsewhere as needed.
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The conversion of biomass to a low- or medium-heating-value
gaseous fuel in a gasifier generally involves several processes that show

in Figure 2.14.

HOT plune
\ |
1
|
1
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Uraumas wood

Fyrolyss reaction from

Figure 2.14: Pyrotysis, gasification and eombustion in a burning mateh stick. [37]

The first process is the drving step where water evaporates using the
heat released from later stages.
The dried biomass then undergoes pyrolvsis 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
1s commonly referred as char, and it mainly consist of fixed carbon and ash.
Another gasification process 1s char conversion, where the remaining
carbon reacts with steam or oxvgen. The 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.
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In direct gasifiers, all processes of pyrolysis, char gasification 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 part of the available fuel. This second alternative has
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

MI/Nm'. [29, 36]

vii. The Five Processes of Gasification
Gasification 15 made up throgh five thermal processes: Dryving,
Pyrolysis. Oxidation (Combustion). Cracking, and Reduction, these process
shows in Figure 2.15 & C.2.
The gasification process can be classified into the following stages.

which occur consecutively:

1- Dryving:

In this stage, the moisture content of the biomass is reduced before it
enters pyrolysis. Typically, the moisture content of biomass varies from 5%
o 40%. Drying occurs at about 100-200°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 inert heating, whereby the feedstock particles reach

the allotted moisture temperature to evaporate and release. [36]
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1- Devolatilization (Pyrolysis):

This is essentially the thermal decomposition of the biomass in the
absence of oxygen or air. [38]

In 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 passes. [38]

The hydrocarbon gases can condense at a sufficiently low temperature to

generate liquid tars.

3- Oxidation (Combustion):

This is a reaction between solid carbomzed 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 heat is released with the
oxidation of carbon and hydrogen. If oxygen 15 present in sub-
stoichiometric quantities, partial oxidation of carbon may occur, resulting

in the generation of carbon monoxide. [36]

4- Cracking:

Cracking is the process of breaking down large complex molecules such
as tar into lighter gases by exposure to heat. This process is crucial for the
production of clean gas that 15 compatible with an internal combustion

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

5- Reduction:

In the absence (or sub-stoichiometric presence) of oxygen, several
reduction reactions occur in the (800-1000)°C temperature range. These
reactions are mostly endothermic. The main reactions in this category are
the water-gas, Boudouard (¢ + €0, « 2¢0), shift, and methane.

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

Hz0 Charcoal and Tar H;0 and €Oy Hyand CO

Figure 2.15: Five Processes in Gasification. [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.
¢. Steam gasifiers.
- By heat source, either:
a. Auto-thermal or direct:
Heat is provided by partial combustion of biomass.
b. Allothermal or indirect gasifiers:
Heat is supplied by an external source via a heat exchanger or an
indirect process.
- By the gasifier pressure:
a. Atmosphenc.
b. Pressurized.
- The fourth and most common are by the reactor design and that
follows three main subcategories:
a. High temperature entrained flow.
b. Fixed bed (sometimes referred to as moving bed).
¢. Fludized bed gasifiers.
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ix. The common gasifier types

More details on each of these designs are given below.

1- Fixed Bed Gasifiers:

Moving bed gasifiers are countercurrent flow reactors in which the
particle enters at the top of the reactor and air or oxygen enters at the
bottom. As the particle slowly moves down through the reactor, it 1s
gasified and the remaining ash drops out of the bottom of the reactor.
Because of the countercurrent flow arrangement, the heat of reaction from
the gasification reactions serves to pre-heat the particle before it enters the
gasification reaction zone. Consequently, the temperature of the syngas
exiting the gasifier is significantly lower than the temperature 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 ash carry-over. , this type of gasifier shows in Figure 2.16. [36]

8L

Figure 2.10: Scheme and operating principle of conventional fixed-bed gasifiers

Explanations: Left; updraft gasifier; Right: downdraft gasifier. [39]
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2- Fluidized Bed Gasifiers:

A flmdized bed gasifier 1s a back-mixed or well-stirred reactor n
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 flow of gas into the reactor
(oxidant, steam, recycled syngas) must be sufficient to float the particles
within the bed but not s0 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 mitial 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
flow 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 flow
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 and the effect of the
different gasifier technologies on the gas composition are presented in

Figure 2.17 and Tables C.2. [36]
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Flgure 2.17: Schematic illustration and operating principle of fluidized bed gasifiers.

Explanations: Left: bubbling fluidised bed. nght: circulating fuidised bed. [39]

x. Thermochemical conversion

The main advantages are that the feedstock for thermochemical
conversion can be any type of biomass including agricultural residues.
forestry residues, non-fermentable byproducts from biorefinenes,
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 (H.. 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 bio-oil) as transportation fuels. [30]



49

1.44 Biogas and Producer Gas production:

2.44.1 Biogas 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 vanous criteria:
origin of biomass, dry matter (DM) content, methane vield and other. Table
D.1 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 wel organic wastes from food
industries, When the DM content is as high as 35%, it is called dry
digestion (dry fermentation), and it 15 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 orgamc
waste also there 15 no need for liqud addition. On contrast. wet
fermentation requires that biomass and organic waste input undergo
multiple treatment steps prior to entering digester system. Anaerobic

digestion using input matenal that has moisture content greater than 75%
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and a system that requires the addition of liqmd for the movement of
organic material.

The choice of types and amounts of feedstock for the AD substrate
mixture depends on their DM content as well as the content of sugars,
lipids and proteins. [10]

The calonc value of biogas mainly depends on conversion method
and the used biomass. The average calorific value of biogas is
approximately 6. 4kWh/Nm® (23 MI/Nm'). [41]

For example the energy value of biogas obtained by the anaerobic
treatment of Im’ of OMWW reaches 60-80kWh of energy. [40]

The dry matter (DM) and organic dry matter (ODM) contents for

manures from livestock and agricultural wastes are given in Table 2.5.
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Table 2.5: DM & ODM contents for manures from livestock and

agricultural wastes. |42-44]

Dung- Fresh

ODM in DM
Range | Average | Range

Animal DM

Average
Broilers

Mothers of
Broiler 0.10-0.29 0.195 0.67-0.77 (1,
Laver
Turkey

Corrupt ezgs & - :
Eggshell 0.25 0.92
Slaughterhouse
waste i | i

=]
[

Poultry

Calf
Hurry 0.180 0.783
Cow-milk
Sheep 0.18-0.25 0,215 0.80-0.85 0.825

Goat 0.18-0.25 0.215 0,.80-0.85 0.825
Camel 0.080

Caitle

Household solid 0.47
waste
Agriculture Waste 0.43

DM: dry matter ODM: organic dry matter

The potential of biogas production from cattle waste, Poultry waste
Sheep waste, Goat waste and Camel waste are 0.575, 0.550, 0.350, 0.350
and 0.040 m’/(kg. OTS), respectively. [10]

The amount of produced biogas depends on the origin and amount of

manure discharged into the unit, as well as the ratio manure/water.
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The total biogas generated can be calculated by using some factors as
given Tahles 2.6 and 2.7, These tables present the gas yield per unit of kg

of total solid and organic total solid, respectively.

Table 2.6: The total biogas generated from some waste. [42, 45]

: - Biozas vield-
Subsirate for biogas production (m /ka.TS)
Poliiy Corrupt egps & 0.98
Sa Eggshell
waste

S]nughterhnu;c waste 0.50
Agriculture Waste 0.60
Household solid waste 0.21

Table 2.7: The total biogas gencrated from Poultry and some

animals. [42-45]

Antimal BI:ugas vield-.:m-‘fkg.ms:n
ange Average
-= Broilers
"::" Mothers of Broiler 03-0.8 0.550
& Laver
- Turkey
@ Calf
= Hurry | —— 0.575
> Cow-milk
Sheep 0.3-04 0.350
Goat 0.3-0.4 0.350
Camel 0.040

2442 Producer Gas:
Producer gas 15 the mixture of gases produced by the gasification of
organic material at relatively low temperatures (700°C to 1000°C).

Producer gas 1s composed of carbon monoxide (CO). hydrogen (H.).
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carbon dioxide (CO,) and typically a range of hydrocarbons such as
methane (CH,) with nitrogen from the air. Producer gas can be bumed as a
fuel gas such as in a boiler for heat or in an internal combustion gas engine
for electricity generation or combined heat and power (CHP). The
composition of the gas can be modified by manmipulation of gasification
parameters, Syngas (synthesis gas) 15 a mixture of carbon monoxide (CO)
and hydrogen (H;). which i1s the product of high temperature steam or
oxygen gasification of organic material such as biomass. Following clean-
up to remove any impurities such as tars, syngas can be used to produce
organic molecules such as synthetic natural gas (SNG-methane (CH,)) or
liguid biofuels such as synthetic diesel (via Fischer-Tropsch synthesis). [46]

Producer gas or synthetic gas, which is one of the renewable energy
resources, 15 produced by dry organic matenials or organic residues. In
general, all types of biomass can be used in gasification process if it 15 used
as dry materials.
The following Table 2.8 demonstrates some properties of producer or

synthetic gas.

Table 2.8: Some properties for the producer or Synthetic gas. [47]

Producer Gas
T chanuca].-‘:]'!ennal
conversion
Main gas product H..CO
Hesicace time several :nmutes up to
10UrS
Maximum Producer gas production 21
(Air agent used) [Nm}fkg Wood). .
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1.5 Environmental concentration of biogas and gasification

Environmental pollution is a major problem facing all nations of the
world. The pollutants emitted into the atmosphere can be transported over
long distances. Various opportunities exist for the substantial reduction in
industrial emissions through the use of alternative energy.

In this context, biomass resources are an alternative to help reduce
the fossil fuel use. Besides being renewable, the continued utilization of
biomass for energy production can bnng about other environmental
benefits including the recovery of degraded land. reduction of soil erosion,
and protection of watersheds. [7]

Here are some examples of impacts to the community from using
biomass.

|-There are some negative impacts of forest management and
farming of biomass crops on ecosystems and habitats (biodiversity
loss, Changes in forest biomass density, the impacts on birds).

2- Transporting biomass has noise and emissions implications.

3- There is air quality implications depending on the type of biomass
used.

4~ There are high levels of water use for biomass cropping which can

be problematic in areas where access 1o water is limited. [48]
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1.5.1 Environmental concentration of producing biegas from manure
The environmental concentration can be studied through comparing
emissions from traditional using of manure to emissions from a biogas
system. Although this is one of the scopes of this study, but also more
concentration will be given to the impact of the process which can be
divided into four effects; Figure 2.18 shows type of environmental impacts

of producing biogas from manure.

Global warming
— (CH,. NOx, CO,, carbon oxide and
nitrous oxide)

Eutrophication
= NOx, N; and ammonia, {regative
effects on water ecosystems)

The
Environmental Impact
of traditional using of
manure and blogas
production

Acidification

- Ammoniz, NOx and Sulfur dioxide
{detrimental effects on capital
equinment

Adverse effects on human health
— (Sulfur dioxide, NOx, carbon oxide

and Particular matter)

Figure 2.18: type of environmental impacts of producing biogas from manure. [18]

2.5.1.1 The emissions from traditional using of manure

The amount of methane emissions from traditional use of manure
(storage and use as fertilizer) depends on the climatic conditions (especially
the temperature and humidity). This means WB&GS can be divided to two
climate zones, based on temperature data from PVSOL premium 7.0
software. According to that, the first climatic zone 15 divided to; Gaza strip.

Jericho & Al- Aghwar area with the hottest climate. and the Second zone
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mcludes Hebron, Bethlehem, Jerusalem, Nablus, Tubas. Salfit, Jenin,

Tulkarm, Qalgiliya, Ramallah and Al-Bireh area as coldest climate, [18]

Table 2.9 shows amount of methane emission from Livestock in

WB&GS

Table 2.9: Potential of methane emission from Livestock in WB&GS. |19]

Tvpe of .-innua_l qerrenmge of l!ilrugm
Livestock umw‘smn for one animal
kg No/ (one cattle. Year)
Cows 70.26
Cattle - ihers 19,88
Sheep 11.96
Goats IS
Camels 36.43
Poultry ]

Mext, distributing manure on agricultural lands causes emissions of

ammonia (NH,) and nitrous oxide (N,O). However, it contributes to

eutrophication and acidification. Table 2.10 shows the amount of Nitrogen

emission from Livestock in WB&GS. [1§]

Table2.10: Amount of Nitrogen emission from Livestock in WB&GS.[19]

T = kg CHy/(one cattle. Year)
Type emission factor for Emission factor for
of Li\’l‘ﬁtﬂl‘kh""m__ manure stomach fermentation
Cows 2 40
Caltle. | s 1 31
Sheep 0.15 5
Cioats 0.17 5
Camels 1.52 46
Poultry 0.02 ]
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2.5.1.2 Emissions from biogas production
Emissions from biogas production arise from the use of energy for
transports the manure from several individual farms and running the
digestion facility.
Hence, emissions are caused by the use of energy when:
|. Transporting manure to the digestion facility,
2. Transporting the digestate back to the farm and distributing it on the
lands.
3. Running the digestion facility.
These emissions are summanzed in Figure 2.19 which shows the

emissions caused by energy used for transports of manure

y C:;! k Emlsslon ; l:’x o :
Lq_uf"‘ \""-L_._.,-"!J g
- { NOx .']
i S0, -! “‘\c_'n-""
A 4 -
(\CH,] . -
= (mas)
R"\a-_-#’r

Figure 2.19: Emissions caused by energy used for transports of manure, and running

the digestion facility

PM2.5: particulate matter with a diameter of 2.5 micrometers or less.
The generating emissions per Nm' methane produced differ between
types of residues that used i digester and the nature of digester
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(decentralized or centralized digester). When using the centralized digester,
the wastes are transported from farms to digester by lorry. On the other
sides, the slurry production from digester is transported back to agricultural
lands by lorry, This process leads to generate emissions to atmosphere from
the combustion of diesel, Figure 2.20 shows the main emission when

replacing manure with digested.

N0 from distribution of a digested

=
from cattle slurry.

The
emissions
When replacing
manure with
digested.

NH; from distribution of a digested
from cattle slurry.

Reduced N-leakage due to better
uptake of digested from cattle slurry

Net effect on nutrient emussion /
leakage by using digested from cattle

slurry.

Figure 2.20: The main emission when replacing manure with digested. [18]

2.5.2 Environmental concentration of gasification

Gastfication processes cause many environmental problems
including water and air pollution. disposal of ash and other by-products.
Gasification process includes health, safety, and odor problems,
Environmental aspects of gasification and associated hazards are given in

Table 2.11.
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Table 2.11: Environmental aspects of gasification and associated

hazards

Process
activity

Fuel
preparation
Fuel feeding

System
Gasilier
Cas cleaning
system

(zas

utilization

Environmental
concern
Dust .
Moise b " % ‘ %
Odor b %
Wastewater X x
Tar X X
Fly ash X
Exhaust gases %
Harzards
FEI‘E k4 4 -, b b
Dust explosion | =
Mechanical
Hazard
Gas poisoning
Skin bums « . x
(as explosion - X .
Gas leak W ‘ %

During gasification, tars. alkaline compounds. halogens and heavy

metals are released and can cause environmental and operational troubles.

2.5.2.1 Air pollution
During the gasification process, different byproducts are released i

the environment such as dust, biomass ash, fly ash and gaseous emission.
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2.5.2.2 Dust:
Dust is generated during feedstock preparation, storage and handling,
feeding. and fly ash removal. The gasifier should not generate more than 2-
6 g/m' of dust. The dust can cause many problems for persons; these

problems are lung damage, imitation of skin and eyes

1.5.2.3 Biomass ash
The percent of ash which remains after gasification around 8-13% of
the ongmal volume 1s toxic and presents special problems because of the

acidic.

1.5.2.4 Fly ash and char

There are two types of particles existed m fly ash from gasification.
The first type 1s unburned carbon particles and mineral substances, and the
second 15 formed by volatilization and condensation. This emission may

cause risk of fire and shows the similar 1ssues as dust and biomass ash

1.5.2.5 Gascous emissions

Gaseous emissions produced from pasification process by the
conversion of biomass to produced gas and burning it

Using the non-woody biomass as a raw material in gasification cause
relatively a high amount of sulfur. chlorine and ash was produced,

compared with woody biomass. [49]
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(Woody biomass 1s wood from trees without the leaves, bark and
roots, Non-woody biomass 1s waste from the industry, agnculture and
animals (straw, grass, manure, and sludge). [50]
Many emissions as CO, Nitrogen and sulfur oxides are produced
during combustion of the fuel gas:; these emissions can have a negative

environmental impact. [49]

2.5.2.60 Water pollution

Wastewater 1s produced during the process of cooling and cleaning
of producer gas. Phenolic and terry components are presents in wastewater
released from gasification power plant. Disposal of this waste generates
environmental problems (such as dnnking water) and needs o a
pretreatment before its discharge.

However. during the cooling process, some hydrocarbons are
condensed with the water vapor out of the gas resulung n a condensate
contaminated with organic compounds. These compounds are carcinogenic

and highly toxic leading to a nsk of water pollution.

2.5.2.7 Hazards of gasifier operation

When a flammable mixture of gas and air is formed, an explosion
may occur when the mixture is ignited.

The main fire nsks in gasifier systems are associated with Fuel
storage and drying, combustible dusts formed i fuel preparation, Ignition

procedure and the product gas
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Biomass gasification process has the disadvantage of generating a
high amount of tar as a byproduct. According to biomass tar 1s referred to
as condensable organics in the producer gas produced in the gasification

process of biomass, Gasifier should put out less than 1 g/m’ of tar. [51]

2.5.2.8 Tar vield problem

Biomass gasification process has the disadvantage of generating a
high amount of tar as a byproduct. According to hiomass tar 1s referred to
as condensable organics in the producer gas produced in the gasification

process of biomass. Gasifier should put out less than 1 g/m’ of tar. [51]

1.5.2.9 Trace impurities:

These trace gases like N, 8, Cl and some elements volatilized from
the biomass during gasification. Nitrogen compounds are present in the
form of ammonia, with hydrogen cyanide. [51]

Table 2.12 illustrates main contaminants released dunng the

gasification process and problems.

Table 2.12: Syngas Contaminants. [52]

Contaminant Example Potential Problem
Ash, Char. Fluid bed s
Particles sl Erosion
Sodium and Potassium Hot corrosion,
Alkall Meuls Compounds Catalyst Poisoning
Nitrogen NH; and HCN Emissions
Compounds
Tars Refractive aromatics Clo p_-g_in;:, of ft[t_ers
Sulfur, Chlorine H.S and HCI Lansaion, pissions,
Catalyst poisoning
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2.5.2.10 Carbon Dioxide Emissions
The carbon released during gasification i1s removed from the
atmosphere duning the growing cycle. Biomass power 1s not a zero-net
CO, process. Carbon dioxide 15 emitted from biomass production and
farming operations that used fossil fuels, transportation of the biomass to
the power plant, and from the power plant itself. Figure 2.21 shows the Life

Cvcle Flows of CO, within a Biomass Power.

—

mwp""‘“'“ﬂ“ﬂnm

A .cpw“_’,'i—f et ”%“
>
£ o “\\ N
; ]
( { 880-48 _. ggo carbon closure ol
| l 890 y
% H / i
\\ Lq'lr“‘ o e /

Figure 2.21: Life Cycle Flows of CO: within a Biomass Power System gr.

€O per kWh of Electricity (% of net). [53]
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Chapter Three
Methodology
In this study, production of clean alternative energy based on biomass
using the gasification and bio digestion technology are discussed.

Biomass waste in this study is investigated as an important source of
energy in the form of clean and environmentally friendly gas. This biofuel
can be used easily in electnicity production.

This study can be summarized i three parts: the first part 15 a
comprehensive survey of the amount and type of biomass waste in
WB&GS. It is based on several available data such as Palestinian Central
Bureau of Statistics, Palestimian National Center for Agricultural Research,
meeting with farmers and others.

The second part is to select and design a suitable gasifier for this study.
In this study a downdraft gasifier was designed and constructed
successfully and tested.

Finally, the third part is a simulation of the main parameters of the
gasification process

The details of these parts can be broken down as:

Calculation of Biomass residues.
Calculations of biofuel potential from biomass.
Experimental Work on gasification.

Stmulation Process.
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3.1. Calculation of Biomass residues

1.1.1. Agricultural residues
The biomass residues can be calculated based on the following methods:
The first method is:
a. Residue factor.
Biomass residues are calculated using the following equation
BR = P x RF .........{ 3.1)
BR:
Pr:

RF : RF is given 1n Table 3.1 and Figure 3.1

Table 3.1: Residue Factor for Date and Olive. |54, 55|

Waste residue
Type

Date leaves- 0.15
Date | (Palm fronds per tree) s
seeds/dunam 0.15
twigs & leaves 0.025
{per tree)

Olive
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Figure 3.1: Residue factor (RF) for vegetables crops. [36]
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The second method is:
b. Extraction coefficients per harvested area.
In this method, the Biomass Residues [ton/yr] are calculated using
the following equation:
BR =AH % C..........{ 3.2)
AH:

EC: This coefficient is given in Figure 3.2



a9

RF-ton/{ton of production)

05 1

;«s ﬁf fﬁﬁﬁﬁ

fﬁ

mWer extraction coctficient {ton/acre.yr)
» Dy extraction coefficicnt (fonfacre. ¥

Figure 3.2: Extroction coefficients per harvested area: Horticulture Trees: [534]
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3.1.2. Olive Press Waste
The main wastes of olive press that 1s generated can be divided into
two types: The first type is olive cake (jeft). The second type of olive press
waste 1s a liquid waste (zebar).
The amount of olive cake can be calculated by using this equation:
Amount of olive cake (Jeft) = OP x JP...ccccen 33)
L)
JP: IP that can be obtained in Table 3.2
The quantities of olive mill wastewater (Zebar) penerated from
different types of olive mills (Full Automatic, Traditional & Half
Automatic olive mill) can be calculate by the following.

Zebar generated from traditional and Half Automatic olive mill:

Zebar = (1- |z + IPD e P2 (3.4)
OE:
OP:

JP: JP that can be obtained in Table 3.2
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Zebar generated from Full Automatic olive mill:

Zebar = [BW x OP]+ | (1- |25 + JP|) x OP|.........(35)
BW:
OPF:
OE:
JP: JP that can be obtained in Table 3.2

{ These equations number 3.5 were derived by me)

Table 3.2: The main factor For Olive Mill Wastewater and Jeft

measurement. |55, 57, 58]

Value )
Type Range Average
The Trﬂdli;l:]];ﬂ] &
quantity Quantity of Antotantic 40 | 55 475
for 100kg | water needed- ; Presies
olives depending on Full
B U 7 )
category- LT | sutomatic | 85 [ 7| 1025
Olive Presses
Quantity of Olive cake- jeft in 2011 48000
Quantity of Olive Pressed- ton- in 2011 104763
Percentage of Olive cake- Jeft Yo
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3.1.3. The residues of livestock:

The annual waste that generate from livestock, can be calculate by

using equation
Annual Waste = An % WF x 365 .......... { 3.6)
Amn:
WF: WF that produced by amimal. The daily waste
production by livestock is given in Figure 3.3.
72000 —

243.00 -
21.00 W —
27.00 — — — =
P_W L W ) L] — -
300 -
Lon n ; ! : ;

0.33 “

011 |

004 —

. - i & e 5 A
,ﬁ‘oﬁz"‘:ﬁe‘ﬁ*ﬂ \}‘1':'?;-‘,&":‘! e "?"“g:;«‘ﬁ& q,":ﬁ:'w U“ﬂ'g‘b‘n“c'
g :

‘;J\dmtﬁ m Animal Weight-ke
# Average wasle wel dung kg'day)

Flgure 3.3: daily waste production by the five major livestock. [43,59]

Slaughterhouse waste:
Sl = PN = I0 % W.......... (3.7
k1 H
PN:
10:
SW:
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CE & ES = (WE x CE) + (HE x CH X WE) ..........( 3.8)
CE & ES:
WE:
CE:
CH:

HE: The value of these factor shows in Table 3.3

Table 3.3: main values that used in corrupt egg calculation. [60, 61]

Type Value
Average weight of eggs 65
The percent of waste in 179

egg after the hatching

3.2. Calculations of biofuel potential from biomass:

As can be seen from the aforementioned resources of biomass, methods of
conversion of agncultural, livestock, and municipal household solid wastes
into gaseous fuels can be summanzed into two main categories:

gasification and anaerobic digestion.

3.2.1. Biogas production by anaerobic digestion:

The dry matter (DM) and organic dry matter (ODM) contents for
manures from livestock and agricultural wastes were presented in Table
2.7.D.1 and El.

The total biogas that can be generated can be calculated by using the

following equation:
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Biogas Yield(m®) = Wa x DM x BY ..........( 3.9)
Wa:
DM: This factor is given in Table 2.7.D.1 and E.1.
BY: BY which is given in Tables 2.6, 2.7, D.land E.I.

3.2.2. Biogas production by Landfill Method:
The potential of power generation from household solid waste using
Landfill method can be calculated based on Equation number 3.10
LFGt = L, x R(e™*< — e*t) ....(3.10). [62]

Where: LFGt:
LFG:
L.z
R:
t:
¢: ¢ = zero, if the landfill is stll accepting waste.
k:
e: The value of e is based on the Napierian or natural
logarithm (approximately 2.718).
L,: i1s estimated from Table 3.4.
Total LFG yield per kilogram MSW is 0.17m"/kg.
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Table 3.4 : Amount of Lo in the percentage of fresh weight. [62]

muoisture A‘TH.-EEE ot Dry

maoisture 2

direct-cut t_mnann crop 20-90% 85% 15%

residue
Olive Cake 44.78%: 5522%
Date Residues 20% B%
3.2.3. Producer and Synthetic Gas by Gasification:

Producer Gas [Nm3] =WsxDMx G0 .......... ( 3.11)

Ws:
DM: It can be obtained from Tables.

GO: It can be obtained from Table

Table 3.5: Moisture and dry contents for banana, olive cake and

date residues. |63-03]

Material The ‘:flue of
Paper and paperboard (.40
Textiles 0.40
Wood and straw 0.30
Garden and park waste (green waste) 0.17
Food waste 0.15
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3.2.4. Bio Oil Production:

Bio 0il Production (kg) = BR x DM % BF .......( 3.12)
BR:
DM:
BF: equal 64%, (wt.%).

3.2.5. Electricity Production:

EPB =Bi X CV X GF ..cccoeeni( 3.13)
EPB:
Bi:
CV:
GF:

All of these values are given in Table 3.6.

Table 3.6: the main factors that are used to calculate electricity

production. |41, 66]

Biogas caloric value “MJ/Nm’ 23
Biogas caloric value -kWh/Nm” 6.4
Average lower heating value for Bio 15.5MJVkg,
il {(4.3kWhikg)
Generator efficiency Electrical 3R2%
(Figure D.1). Thermal 46.8%
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EPP = PG < CV x GF .......... ( 3.14)
EPP:
PG:
CV: from Table.
GF: From Table 3.6.

EPO=BO x CV x GF .......... ( 3.15)
EPO:
BO:
CV: CV from Table 3.6,
GF: GF from Table 3.6.

3.3, Experimental Work on gasification

Olive cake (Jeft) and wood pellets are used as a feedstock for
gasification. It 15 a renewable source of energy and easily available at large
scale. Olive cake (Jeft) can be produced by extracting olive oil from the
olive seeds. Generally, it is used as a source of fire and heating, because of
its higher energy content. In the present study. olive cake (Jeft) is used for
feed to the gasifier.

Gasifier unit consists of a downdraft gasifier, heating process, and

cleaning process.
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3.3.1. Experimental Procedure
The aim of the experiments was to evaluate the effects of air equivalent
ratio and biomass size on the efficiency of the producer gas.
I. Initially all parts of the pasifier system necessary for the experiments
were designed and fabricated.
2. The moisture content of Jeft was determined.
3. The gasifier was loaded with Jeft and a measurement of the load was
recorded.
The valve of air was open and air was allowed to flow.
The air injection was set to the desired level.
The electrical heating unit was set to the desired temperature.
The Jeft was igmited through the electrical heating unit.

When the producer gas started, the gas was ignited.

e~ R B

After the gasifier started gas production, the producer gas 15 directed
toward a special designed filter in which the solid and hiquid particles
are captured and removed.

10.Finally, readings such as volumetric flow rate of producer gas and air,
temperatures and pressure drop measurements were recorded.

A schematic sketch of the experimental procedure is shown in Figure 3.4.
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Gaslifter & heating process

Alr low | Ash Tar

Flgure 3.4: General Sketch of gasifier expenmental setup.

3.4. Simulation Process

The simulation process section helps in optimizing the process by
estimating the effect of varnous parameters on gasification process using
simulation software (ASPEN PLUS) and chemical reaction equations in
Table 2.3. Figure 3.5 and Table 3.7 illustrate flow-Sheet of ASPEN PLUS
Simulation and main streams using in simulation model.

The following assumptions are made in this study to during the

simulation:
I- Gasifier 1s a steady-state and 1sothermal system.
2- No pressure and no heat losses occur in the gasifier.

3- No unconverted carbon 1s present in the produced gas.
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Simulation Flow Sheet:

Flgure 3.5: Flow-Sheet of ASPEN PLUS Simulation for Gasification Process,



The following Table 3.7 illustrates main streams using in simulation

model.

Bl

Table 3.7: main streams using in simulation model

No. Stream Notes
[ MANURE feedstock
2 SEWAGE-S feedstock
3 JEFIT feedstock
b FEED-MIX | e
5 HEATCOMB Heat Combustion
6 GAS-FEED —
7 CHAR-ASH | Char and ash 1s produced from gasifier
8 GASFEED2 | =
g WATER-IN Used to steam peneration
10 STEAM smme-
11 CO2 Carbon Dioxide
12 AIR-HOT Adr 1s heated h;-r"cxp]njting !he henl from
producer gas (heat recovery unit)
13 5 Oxygen 15 heated by exploiting the heat
3 (O2-Hot . i | 2
from producer gas (heat recovery unit)
14 HO- Hydrogen is heated by exploiting the heat
-, from producer gas (heat recovery unit)
15 | RAW-SYNI Producer gas at high temperature
16 AIR-COLD Inlet Air
17 02-Cold Inlet Oxyeen
18 H2- Inlet Hydrogen
19 | RAW-8YN2 Producer gas after losing his heat
20 RECYCLE o
21 RAW-SYN3 | = —
22 TAR | -
23 SYN-GAS Producer gas
24 SYN-WET Producer gas with water
25 SYN-DRY Producer gas without water
26 WATER | e
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4- Char and tar yield when using Jeft, Sewage sludge and Poultry manure
are assumed the same.
5- Estimation of tar formation can be found using Figure 3.6 and for

Temperature more than 900 "C using equation 3.16.

W, = (6.411-0.203 + ml +0.248 x AF — 0.024 x w...(3.16).

Wiar:
T,.:
AF:
wi
§ 2
]
£
: 7
ot O
£ ;
3 A
g . s
B p
2 “5%’33’25,.
ol l I | 11 Li, J
e Al ey R e [t 146
Tenspermiure, O

Figore 3.6 effect of temperature on Tar formation. [68]

6- Char formation at a different temperature is considered using Figure 3.7

and Char contains only carbon and ash.
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Figure 3.7: Char formation at a different temperature. [69]

7- The gases involved obey Peng-Robinson equation of state with Boston-
Mathias (PR-BM) modification property method.

8- The temperature differences between hot and cold stream m a heat
exchanger which is used to recover waste heat from pasifier equal 1o
Zero.

9- Jeft, Sewage sludge and Pouliry manure were chosen as feedstock. The
main properties of feedstock: Jeft, Sewage Sludge and poultry manure
are listed in Tables 3.8 -3.10. The original data of Jeft were modified 1o

suit the mass conservation law,



B4
Table 3.8: Main propertics of Jeft. [70]

Ultimate Analyvsis (% dry basis) Proximate Analysis (% dry basis)

Svmbol Drlfp,;lnnl }I?dlﬂnd Svmbol ﬂflnln:l Mpdiﬂnd
- Values Values - Values Values

Carbon 52.270 519789 Volatile 80.94 ROL9431

Hydrogen | 7483 74433 Ash 0.56 .5569

Nitrogen {.060 0.0597 Flxed Carbon 18.50 18,50
Ouygen 40.097 39.7712 Molsture Q.10 9.6
Sulfur <. 0.0965 heating value Higher 20.61

Chlorine | 0.08%8 | 0.0875 (MK, drY | wer 18.96

basis)

Table 3.9. Proximate analysis of Jeft, Sewage Sludge, and pouliry

manure (dry basis). [70-72)

Components (wt %) Jeft SSI":;;E‘E :::::;:i
Moisture 9.6 52 274
Fixed Carbon(dry) 18.50 4.6 13.66
Volatile Matter (dry) 80.9431 42.6 64.97
Ash (dry) 05569 | 52.8 2137
Lower heating valued (MJkg) 18.96 99 14.79

# This value of molsture of sewage sludge after drying.

Table 3.10: Ultimate analysis of Jeft, Sewage Sludge, and poultry

manure (dry basis). [70-72]

Ultimate | Jeft | Sewage Sludge | Poultry manure

Ash 0.5569 52.3 2137
Carbon | 51.9789 21.1 37.05
Hydrogen | 7.4433 34 5.06
Nitrogen | 0.0597 3.2 3.66
Oxygen |[39.7772 184 3144
Sulfur | 0.0965 .1 .45
Chlorne | 0.0875 - 0.97
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Details of operation parameters and mput data for the simulation are

tllustrated in Tables 3.11 and 3.12

Table 3.11: Operation parameters and input data for the simulation of

gasification of Jeft and sewage sludge.

Farameter for

arameters Value Motes
P inlet streams
Foe IT fll_:‘:_:" e 4.21 Air, Oxygen, CO-
14 -~ e
= Lrasifving agent
Gasifier Temperature ’ MINAARR g
°Cy 850 Steam, Adr/steam

Gasifier Pressure
{atm.)

Type of material

Jeft, Sewage Sludge.
Poultry manure

feedin| 25 | | AirEquivalent 6.67% - 100%
Ratio
Inlet Air 25 Temperature ("C) 350- 1200
tcmp::{aturu Steam | 150 Steam to blomass 0.05 -4
{'C) ratio
co. die Oxygen quli\'alcm 6% 100%
- Ratio
feed in Froduced o8 0% - 68%
recycle
O e
Inlet Pressure | Air SE R ’t_'uum.n. (.05-1
{atm. ) i -
Steam Trace gases HEL NH,, HS, SOy,
' Cl.. NOy . M50, NO.Ar
CO;
Table 3.12: The composition of Dry Air {mole basis). [73]
Component | Original Value | Modified Values
CO; 0.0385 % 0.0385 %
N, TH.O0818 % 780848 %o
0, 20,9435 % 20.9435 %
AR 0.9332 % 0.9332 %

The performance of gasificaton can be evaluated by some

parameters such as Lower Heating Value of the producer gas, producer gas

yield, Cold Gas Efficiency (CGE).
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3.4.1. Cold Gas Efficiency calculation (CGE):

Cold Gas Efficiency (CGE) can be calculated using the following

equation # 3.17

Mass flow rate of producer gasxLHV o oducer gar 13 [T] E74]
Mass flow rate of Biomass  LHVgiymass RIS i

CGE =

- Lower Heating Value) caleulation (LHV):

LHV (%) = (%CO x heating value of CO)
+(%CH, x heating value of CH,)
+(%H, % heating value of Hy)...... (3.18).
Giross heating Value (Higher heating value (HHV)) and net heating
values (Lower heating value (LHVY)) for CH,, H, and CO gases can be

found in Table 3.13

Table 3.13: Heating Value for CH,, H; and CO gases. [75]
Heating Values Heating Values

Fuel Gas (keal/kg) (keal/Nm')
Gross Net Gross Net

Carbon Monoxide | 2.411 2411 3.014 3.014
Hydrogen 33,889 | 28,555 | 3,050 2,570
Methane 13284 | 11946 | 9.530 8,570
Heating Values Heating Values

(MJ/kg) (MJ/Nm')
Carbon Monoxide 10.1 10.1 12.6 12.6
Hydrogen 141.9 119.6 12.8 10.8
Methane 55.6 50.0 39.9 359
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3.4.2 Residence Time

T=2.673 xd"......(3.19).[76]

n=1.02 x 233/T)
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Chapter Four
The Potential of Biomass in WB&GS

4.1 Introduction:

WB&GS 1s blessed with fertile soil and suitable climate for food
production. This chapter concentrates on the evaluation of the potential of
biomass in WB&GS. The potential of the biomass was recorded depending
on PCBS (Palestinian Central Bureau of Statistics) and some interviews
with agricultural specialists. Also this chapter provides an overview of
estimates on the production of residues. and beside those rough estimates
of other uses {actual and potential) for these residues.

Agnicultural residues can provide a substantial amount of biomass in
WB&GS. One significant i1ssue with agncultural residues 15 the seasonal
varation of the supply. Pruning of horticulture trees make up a substantial
portion of the agncultural residue. Agncultural residues could be a
supplemental feedstock for energy needs in WB&GS, but not primary
fuel.[77]

4.2 The agriculture:

The total area of agricultural holdings in WB&GS for the 200972010
agricultural year was 1.207,06]1 (dunam). The Cultivated land area mn
WB&GS during the 20092010 agricultural vear was 1,029,280 (dunam).
Uncultivated land made up 177,781 (dunam). This agriculture lands

distributed throughout 16 governorates. Most of this land 1s cultivated with
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Horticulture Trees which include olives, genus Prunus, citrus, grape and

others trees. [78, 79]

Lemons trees constitute a major part of the total crops trees (after

Olives and Grapes trees), this percentage about 4.3% respectively. There

are around 2615806 Lemon trees.

Almond (hard) trees constitute the second major part of the total

crops trees (after Olives and Grapes trees). This tvpe of crop constitutes

about 4.2%. There are around 260444 Almond (hard) trees. All of these

values and others show in Figure 4.1.
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Flgure 4.1: Distobution of trees in WB&GS by area & number. [79-96]

The remaining portion is dedicated to vegetable production

potatoes, tomatoes: these types are shown in Figure 4.2.

such as
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Flgure 4.2: Area of Vegetables in WB&GS by Type of Crop. [79-96]

In WB&GS (West bank and Gaza). around 688142 dunams are

cultivated with vegetables, ficld crops and horticulture tree.
Tulkarm and Qalgiliva governorates have the highest percent of cultivated
Area, this amount around 30% & 29% respectively of the total land in
WB&GS. Also Jenicho & Al Aghwar governorates have the highest
percentage of vegetables-cultivated area, this amount around 30%. This
means that Jericho & Al Aghwar is the food basket of WB&GS. Figure 4.3
shows the cultivated area distribution in WB&GS.

The total land culovated with field crops in WB&GS in 2011
illustrate in Figure 4.3 and it was 235007 dunam: 219676 dunams in the
West Bank and 15331 dunams in the Gaza Strip. Hebron governorate had
the highest amount of cultivated land with 33.7% of the total area
cultivated with field crops in WB&GS.
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The total land cultivated with vegetables in WB&GS in 2011 was
87235 dunams: 76010 dunams in the West Bank and 11225 dunams in the
(Gaza Strip.

Jencho and Al-Aghwar governorate had the highest percent with
30% of the total land cultivated with vegetables in WB&GS. Figure 4.3
illustrates all of these values in WB&GS.

The total land cultivated with horticulture trees, vegetables and field
crops in WB&GS in 2011 illustrate in Figure 4.3 and 1t was 365900 dunam:
326,345 dunams in the West Bank and 39.555 dunams in the Gaza Strip.
About 22% of the land cultivated with herticulture trees was in Nablus

governorate: this means that Nablus had the highest percent in WB&GS.

® HorticultureT rees = Vegetable ® FieldCrops

(i

_-@3\.;# ﬁ;‘&é@ "iﬁ‘.ﬁ"\@‘- wé‘&@#\&\\@ﬁ \';.'@ﬂ ‘ﬂ?'lﬁw ?hﬁ? “l‘sﬂ
o

w;d""p,

Figure 4.3: Total cultivated area m WB&GS (Area in Dunam). [79-36]
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During the agricultural year 2011, the percentage area cultivated
with horticulture trees are 53.17%, vegetables about 12.68%. and field

crops in WB&GS was 34.15%, these percentage shows in Figure 4.4,

u Horticultuee Tre
&5

» Vepetables

Agricultoral Area

Flgure 4.4: Agricultural ares (dunams) in WB&GS. [79-96]

In West Bank, about 688142 dunams are cultivated with vegetables,
field crops and horticulture tree. This amount means about 90% in the West
Bank, while this percentage was 10% of the total number of all agncultural

types in Gaza Strip. The following Figure 4.5 illustrates these values.

Wed Bank
w(Fard Btng

Agrienlmral Avea

Flgure 4.5: Agricultural area (dunam) in WB&GS. [79-96]
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Olive trees is the highest percentage between Horticultural trees, it
represent approximately 57% of the total number of horticultural trees.
The total number of Olive trees in WB&GS was approximately 3,477,222
trees, while this percentage was 93% of the total number of horticultural
trees in West Bank and 7% in the Gaza Strip.

These values show in Figure 4.6.

m Total craps- tree & Grape = West Bank = Gaza Strip

Total Number of (rees

Figure 4.6: Total Number of trees in WB&GS. [79-94]

Agricultural areas of Olive trees constitute a major part of the total
crops trees, this percentage about 75.6% (the lands planted with Olives of
total arable land). There are around 3477222 olive trees.

Grape trees constitute the second major part of the total crops trees.

Figure 4.7 shows this type of crop that constitutes about 11.7%.
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Figure 4.7: Agricultural ares of trees (Dunam). [ 79-96)

Olive plantations are concentrated in Ramallah & AlBireh, Salfit,
(Qalgiliya, Bethlehem, Jenin and Nablus governorates. Figure 4.8 contains
names of the Palestinian cities that produce a significant amount of the total

production.

& Number of Olives trees = Area of Olives trees

o p
@ﬁs‘@@&ﬁ v %&&\ iﬁn@ 4
& ;
@@- w@

Figure 4.8: Total number of Olives trees in WB&GS. [T9-96]
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The Figure 4.9 below shows and summarizes the total cultivated area
of vegetables, the main crop areas and the amount of production in

WB&GS i 201 1.

-

Figure 4.9: Area of vegetables m WB&GS (Area in dunam). [79-96]

® Other Crops
8 Cucumber
m Eggplant

m Potato

H Squash

# Tomato

Total Area

The agricultural area of Horticulture trees 1s estimated to be about
96.44% (6,134,129 dunam) of the total cultivated area. and about 2.03%
{128,906.66 dunam). 1.53% (97,554 dunam) 1s covered by Field crops and

Vegetables respectively. Maore information is shown in Figure 4.10.

B Horticulnre Trees
o Vagerables
= Field Crops

Total agricultural area

Figure 4.10: Total agricultural area in WB&GS [ Aren in dunam ). [79-96]
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4.3 Livestock:

The followng section shows some information of livestock such as
amount of livestock distribution in 2013.

Jenin and Hebron had the highest number of cattle, Jerusalem the
least:
The number of cattle in WB&GS totaled 33,980, of which 75.4% were in
the West Bank and 24.6% in Gaza Strip. Jenin and Hebron governorates
had the highest number of cattle with (15.51% and 15.46% respectively) of
the total cattle in WB&GS, while Jerusalem had the lowest with (.78% on
01 October 2013. Figure 4.11 and 4.12 show all of these values.

m (o
= Sheep
= (ioats

= Camels

Total animals

Figure 4.11: Number of Animals in WB&GS, As in 2013, [97]

About 252% of sheep m WB&GS were raised in Hebron
governorate:
The number of sheep in WB&GS totaled 730,894 of which 91.7% were in
the West Bank and 8.3% in the Gaza Strip. The highest number of sheep
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was in Hebron with 25.2% of all sheep in WB&GS on 01 October 2013.
Figure 4.12 illustrates more information of Sheep numbers in WB&GS.
The highest percentage of goats in Hebron governorate:
The number of goats in WB&GS was 215,335 of which 95.2% were in the
West Bank and 4.8% in the Gaza Strip. The highest number of goats was in

llustrates more information of Goat numbers in WB&GS.

1,000,000

Hebron with 21% of all goats m WB&GS in October 2013, Figure 4.12

\9&0 ﬁg@i&‘ﬂﬁ“ ﬁ#ﬁ ﬁ@ﬁ\
@“\Qf;‘ﬁp I'SI‘I.'L'EP W Goats W Catthe

Figure 4.12: Number of Animals in WB&GS, As in 01/10/2013, [97]

About 34.5% of camels in WB&GS were raised i South of West
Bank povernorates: There were 2.058 camels in WB&GS. of which 59.6%
were in the West Bank and 40.4% in the Gaza Strip. South of West Bank
governorates had the highest percentage of camels with 34.5% of all camels
in WB&GS and on 01 October 2013, Figure 4.13 illustrates more

information of Camels numbers in WB&GS.



99

104

Number of Camels

North of Middleof Southof  Gaza Strip
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Figure 4.13: Number of Camels in WB&GS, As m 01102013, [97]

The Poultries:

The poultries number in WB&GS (during the 2013 agricultural year)

totaled 34.833.194 of which 75.4% were in the West Bank and 24.6%

the Gaza Strip.

During this agricultural year there were 538320 turkeys in WB&GS,

994.620 Broiler mothers, 1,425,579 Layers and 23,297,203 Broilers which

{Broilers) 66.88% in the West Bank and 23.59% in Gaza Stmp. Figure 4.14

illustrates more information of Poultry numbers in WB&GS.

| Turkey
B Lavers

-

= Broilars Mothers
| West Dank

L\

Total Number of Poultry

Flgure 4.14: Number of Poultry per Yesr in WB&GS by Type and Region,

2012/2013. [97].
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4.4 Biomass Residues in WB&GS

4.4.1 Introduction

This section discusses the main source of organic waste in WB&GS
that produced from plant. animals and household.

The main wastes generate in WB&GS can be dividing into three
parts: The first type is the residue of plants (Agnculture). This type can be
divided into three types: Field crops. Vegetables. and Horticulture Trees.

Horticulture trees generate considerable amounts of wood residues
from pruning and replanting activities. Two different methods can be used
to calculate the amount of residues generated, The first one, often used for
woody residues from horticulture trees, is based on the cultivated area. This
method assumes that tree crops grow with standard planting density. The
other method. often used for annual crops. 15 to use a residue to product
ratio (RPR). With this method the amount of residues is calculated from the
crop production using an average RPR value. [10]

The main waste generated in WB&GS can be collecting during the

seasons; Table 4.1 gives the agricultural residues availability during the

year,
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Table 4.1: Agricultural residues availability during the vear. [98]

Type Month
2 1 2 3 4 5 (1 7 8 9 1 10] 11 ] 12
Tomato SN NA LA A A
Cucumber A LA AV S
Gourd L LA LA S L LA v
KidneyBean A [t
Eggplant v L A A WA ]
Cauliflower A A P 4
Ohlive ( Pruning Branches terminal) Pl Pl
Olive Cake vt
Citrus Wl v
Banana ( Leaves) VAN N4 I I A AV I
Almond v
Grape Wi v
Field Crops ( wheat &Barley) Vaid s
v available v - more availab v r: Less available
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The second tvpe of organic waste source is produced by poultry and
animals (Livestock). The poultry include: Turkey, Broilers Mothers,
Layers, and Broilers,

The final type of residue i1s generated by household (municipal
household solid waste).

This study summarizes the research on unused biomass extraction in
agriculture. Our research was based on literature reviews, interviews with
farmers and internet searches. The presented calculations procedures only
consider a rough estimation of amounts of unused biomass extractions.

In most publications and studies, unused domestic extraction of
biomass was neglected. Only very few studies reporting absolute amounts
of these unused extractions are available.

In this study we present procedures for the calculation of unused
biomass extractions, based on information of residues of agriculture.

Fruit crop residues include prunings and brushes. Vegetable crop
residues consist of vines and leaves remaining on the ground after
harvesting.

In the following sections we determined coefficients to calculate the
amount of unused biomass extractions by using the annual used production

of biomass.
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4.4.2 The residues of agricultural plants

The potential of crop residues are mostly overestimated since some
of these residues must remain in the field to ensure soil fertility, and other
portions are lost during collection. The ratio of the residual waste to the
product of most of seed crops are found to be between (.36 and | 4. These
ratios are show in Figure 3.1.

Large quantities of residues are generated in agricultural production
systems. Crops cultvation, fruits and vegetables generate considerable
amounts of residues. These residues constitute a major part of total annual
production of biomass residues and are an important source of energy. [56]

Unused biomass from agriculture can be divided into two categories:

1. Parts of the plants which are retained to the field.
2. Losses of parts of the plant due to harvest methods.
These days, these biomass extractions can be reused for several
purposes, including forage, biogas and biofuels production. [99]
We identified two main ways to calculate residues from agnculture.
Equation 3.1 and 3.2 are used to calculate the unused domestic extraction

The amounts of residues used for various purposes are not well
defined. This lack of knowledge is due to the scattered locations of the
residue generation, its seasonmality and the vanety of production
circumstances.

Residues also play an important role in soil fernlity and a total

removal of all above ground residues can accelerate soil degradation.
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The ratios of residue to product which are presented in this study are
derived from several sources.

In this evaluation, crop straw and stalk outputs are calculated based
on crop outputs and the ratio of grain production to stalk mass.
Data of this study are given as “waste factor” which is the proportion of
residue to product.

The residue factors of agricultural crops like Broad Bean (green) are
about 1.4, of other food crops like sweet potatoes, beans and groundnut
between 0.36 and 1.4. The residue factor of fruits and vegetables is

between 0.36-1.4,

4.4.3 Calculation of Biomass residues
The biomass residues can be calculated based on the following
methods:
1- Residue factor.

2- Extraction coefficients per harvested area.

4.43.1 Calculation of biomass residue using residue factor method:
In this method, the Biomass Residues [ton/yr] are calculated using

equation (3.1).

4.4.3.2 Calculation based on extraction coefficients per harvested area
Extraction coefficients per harvested area. is a factor that used to
calculate a product of agricultural residues per dunam or acre (1 acre =

4047m7), per vear.
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By using this factor, the amount of the agricultural residues can be
calculated using the coefficient of unused agnicultural residues with the
cultivated area. Some data of this factor are listed in Figure 4.15
In this method, the Biomass Residues [ton/yr] are calculated using

sl Al

equation (3.2):

b
h

Extruction cocfTicicnt
{tonfacr.yr)

—

ﬂ 1
FEREEREEIIBEERISTEIESS
g & f§§§ FSSUCTESTgEREEC

© 2F 2 = EE
Ezg  °© <
Eg .;,E ® Wel extracton coeflicient { on'acre.yt)

# Doy extraction coellicient { lon/acre. yr)

Flgure 4.15: extraction coefficients per harvested area: Horticulture Trees.

[ton{acre.yr)]. [36]

In order to compare between the two approaches the following

examples are given as in Table 4.2
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Table 4.2: Comparison between two approaches to calculate potatoes

residue in Chile Country. |56]

. Extraction coefficients per
Residue factor Method R
Production: 791,998 ton Area Harvested: 56,376Ha
(metric ton) = 119,248.7 acres (lha= 2.47 acres)
Residoe Factor: 0036 Extraction cocfficients: | 48
Residues: 285.119.3 ton Residues: 83,436.5 ton/vear
(metric ton)

This example shows the quantities of biomass residues remaining
and that the two methods deliver different results. The first method
{Residue factor) 1s more accurate than the second method. The residue
factor method depends on the production rate while the extraction

coefficients method depends on acreage area. [96]

Olive Press Waste:

This section discusses the main type of residues in WB&GS that
produced from olive press.

The main wastes of olive press that generated in WB&GS can be
divided into two tvpes: The first type is olive cake (jeft). Olive cake is the
solid material that remaining after the olive pressing as a byproduct. The
second type of olive press waste 15 a liquid waste (zebar) or olive mull
wastewater (OMWW). Zebar 15 the olive liquid that remaining after olive
pressing.

The amount of olive pressed in WB&GS in 2014 was 108,379.1
tons. of which 81.53% were in West Bank and 18.47% i the Gaza Strip.

The highest amount of olive pressed was concentrated in Jenin, Tubas and
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Nablus 26.49% of which in Jenin and Tubas governorates, and 12.23% in
Nablus governorate. More details about the Mam quantities of olives

pressed in WB&GS by Governorate are given in Figure 4.16 and 4.17, [57]

Khan Yunis
and Rafah® =
(Gaza
Hebron_ .
Bethlehem
Jerzalem
Ramallah _—
and Al-
Bireh
Qalqiliya_———
Flgure 4.16: Quantity of Olive Pressed Activity in WB&GS by, 2014
= Pressed Olive Quantity (ton} = No. of olive mills
1060, 0004
0
& »teﬁ@b‘ N %E’S; PP *"‘“ @“’“ Lﬁ"f}%‘ﬁ'@ \ad
e A o ﬁ:: o
e e

Figure4.17: The Main quantities of olives pressed in WB&GS by Governorate, 2014, [57]

Most of olive mills use tight cesspit (43.02%) and Porous Cesspit
{30.19%) to dispose of the zebar. About 84.15% of olive cakes (jeft) are
given back to owners. Table 4.3 illustrates number of olive mull in

WB&GS according to their waste disposal methods.



108

Table 4.3: Number of olive mill in WB&GS according to their waste disposal methods, 2014. [57]

Methods of Waste Disposal

No. of

S Ohive Cake liquid Waste (Zebar) ;
: e Tight | Sewage | Porous Operating
Governorate Others | Sell | Farmers | Others Cessnit | Netw s Presses
2 esspit | Network | Cesspit
Palestine 34 8 223 34 114 37 80 165
West Bank 50.00 ] 37.50 100 100 100 56.76 92.50 91.70
Jenin and Tubas 17.65 0 26.01 | 50,00 | 30,70 2.70 13,75 24.15
Tulkarm 588 |2500( 12.56 2.94 17.54 13.51 7.50 12.08
- Nablus 0 12,50 18,83 17.65 | 21.05 10.81 11.25 1623
== Qalgiliva 0 0 628 | 1176 | 2.63 0 8.75 5.28
z Salfit 0 0 [ 1076 | 0 8.77 0 17.50 0.06
E Ramallah and Al- Bireh | 8.82 0 1211 [ 1471 ] 7.02 8.11 17.50 11.32
5 Jerusalem 0 ] 1.35 ) ] 2.70 2.50 1.13
g Bethlehem 17.65 0 0.90 {i 3.51 8.11 1.25 3.02
3 Hebron 0 0 | 1121 [ 294 | 877 | 1081 | 12.50 9.43
- Giaza Strip 50.00 | 62.50 0 ] 0 431.24 S0 8.30
(iaza 17.65 { 0 { { 13.51 1.25 2.26
Deir Al-Balah B.E2 |62.50 0 0 0 21.62 3.02
Khan Yunis and Rafah | 23.53 0 0 0 0 B.11 6.25 3.02
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The gquantities of olive mill wastewater (Zebar) generated from
different types of olive mills (Full Automatic, Traditional & Half
Automatic olive mull) during the harvest season (about 90 days) are
calculated for 265 mills located in the WB&GS area, The main factor For

Olive Mill Wastewater and Jeft measurement are listed in the Table 4.4.

Table 4.4: The main factor For Olive Mill Wastewater and Jeft

measurement. |57.58,100]

Type Value Range | Average
Olive density- (gm/cm’) 0915 | 0.916 | no9iss
Zebar density- (gm/cm’) 1015 ) 1086 1.0505
The Traditional &
quantity | QUOHYOL | L Automatic | 40 | 55 475
5 water i
for 100kg Presses- (Liter)
needed- :
ollves d i Full Automatic
""“:' M | OlivePresses- | 85 | 120 102.5
i { Liter)
Cuantlty of Olive cake- jeft- In 2011- (ton) 4B0H)
Duantity of Olive Pressed-in 2011- (fon) 104703
Percentage of Olive cake- Jeft | 45.8%

4.4.4 The residues of livestock:

Livestock manure is a readily available source of biomass waste in
WB&GS. In general, manures are used directly as soil fertilizers. However,
there are many problems associated with direct application of manure to
soils mcluding bacterial contaminaton of surface and groundwater
supplies, over-enrichment of soils with nitrogen or phosphorus and

nuisance odors. In addition, manure produces methane gas and nitrous
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oxide; these products are part of greenhouse gases. Treatment of manure by
anaerobic digestion systems could nutigate these problems, while
producing biogas and a nutrient-rich fernlizer.

There are many sources of livestock that produces manure n
WB&GS. These livestock includes poultry, cattles, goats, sheep. and
camels. In order to calculate the potential of these wastes some additional
data are required. for instance, to calculate the annual waste from poultry,
the life cyele of poultry is analyzed and is given in Table 4.5.

Table 4.5: The life cycle of poultry.

Turkey | Broiler
Weight- kg 10 1.35
Net weight 0.75 0.72
Blood & il
30 g.5%
Slaughterhouse Feathers i 4%
waste head. legs &
. g0, Loy
offal 14.5% | 155%

Table 4.6 gives more details about the waste type and percentages from

poultry. [101]

Table 4.6: Waste type and average percentages from poultry. |43, 60]

Life cvele
Fuultry type (days)
Broilers 50
Mothers of Broiler 363
Laver 363
Turkey 150

The wastes which are produced by Cattles, Goats, Sheep, and camels
are important resources biofuel. The daily waste production by the five

major livestock is given in Figure 4.18.
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Flgure 4.18: daily waste production by the five major livestock. [43, 59]

For livestock and poultry dung, there are several ways to get nd of
this dung in WB&GS, such as sale as fertilizers, onsite use (holding) or

destroying. Figure 4.19 and 4.20 shows the Percentage Distribution of

Manure Product.
- Calile — famdi
20% gl ne el [ J L
- i Are
1o 01 De ":3"7""": T et
et et e e et

g9 —Shee e Goats

J_i h oo i,
mm'z cale e peoryed

yﬂf‘- m" e i i e 1o s

B Norh of West Bank 9 Maddle of West Bank 8 South of West Bank W Gaza Strp

Figure 4.19: Percentage Distribution of Manure in WB&GS, 20122013 [97]
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Figure 4.20: Percentage Distribution of Guane Product in WB&GS, 20122013, [97]

4.4.5 Municipal household solid waste

The final part of waste is municipal household solid waste which 1s
generated by household. The daily overall quantity of houschold solid
waste which is produced in WB&GS is approximately 2551 tons. The
average daily household waste generation in 2015 was estimated to be
around 3.2 kg in the West Bank and 2.4 kg in Gaza Strnip.  All of these

details are show m Table 4.7,
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Table 4.7: Daily generation of houschold solid in WB&GS, 2015. | |

Total Dally Dally Average
Reglon Generated Household
Ouoantity (ton) Generation (kg) |

WB&GS 2,551 1.9

West Bank L.B3S 3.1

North of West Bank TILS i2

Middle of West Bank 563.5 14
South of West Bank 360 3

Gaza Strip Tt 14

Municipal household solid waste contains mainly organic waste and
other material such as glass, plastic, paper and some metals. Tables 4.8
show the Percentage composition of Households solid waste in WB&GS.
There are two major sources of bioenergy from Municipal houschold
solid wastes:
4. Municipal solid waste (MSW)

b. Bio-solids (sewage. sludge).
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Table 4.8: the Percentage composition of Houscholds solid waste in

WB&GS, 2015. | |

Solid Waste Components

Reglon - g | 98 £ & w =

5 |33 |ze|22| 3|2 |2

&% | %z |Z3 | g2 | B | & |F

-
WB&GS w | AT.004 | 59773 | 12295 | 0.212 | dued9 | BLDGT | 10O
=

West Bank ': 23,767 | 03264 | 11906 | 0285 | 0.738 | 0.041 | 100
— = | Norh & "21.783 | 00004 | 9973 | 0,502 | 0,537 | 0.000 | 100
EE Middle E 16398 | 71.924 | 11.502 | 0.000 | 0.087 | 0.087 | 100
South E 32717 | 51156 | 14608 | 0.275 | 1195 | 0.0459 | 100
Gaxa Strip = 33218 | 53071 | 13042 | 0071 | 0478 | 0119 | 100
The recommended technologies that used to generate energy from

municipal household solid waste can be divided into four types; these types

can be summarized as following:

s Combustion/Incineration

» Pyrolysis/Gasification

» Landfill Gas Recovery

= Anaerobic Digestion/ Biomethanation

Incineration process 15 considered unsuitable due to high moisture

content of waste; Incineration is 10 times more expensive than landfill

disposal. [102]

The potential of power generation from household solid waste (Landfill

method) can be calculated based on Equation number 3.10 and 2.13
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4.4.6 Calculations of biofuel potential from biomass:

As can be seen from the aforementioned resources of biomass,
methods of conversion of agricultural. livestock. and household solid
wastes into gaseous fuels can be summarized nto three main categories:
gasification. anaerobic digestion and landfill. The produced quantity and
properties of gas depends on the conversion method used. For instance, the
generated gas from gasification of agricultural waste 1s called syngas or
producer gas, while the gas produced using anaerobic digestion or land fill
i1s called biogas. All mentioned processes are considered as

environmentally fnendly processes as the main sources are renewable. [103]
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Chapter Five

Results and Discussions
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Chapter Five

Results and Discussions

5.1 Biomass Residue

5.1.1 Animal Residues:

When the potential of animal residues was calculated, the waste
percent that can be collected for the actual residues were calculated based
on the population density of animals in each holding, knowing that the
animals and holdings of animals were taken into consideration. This
method was used 1o calculate the collecting factor, The potential of actual
collecting residues for animal residues are 56654 1ton/year. These residues
were calculated based on equation (3.6). Figure 5.1 shows the average

collectible wet residues (Dung) of animals.

TO000)

m Theorerical
Residues
= Actual
Collecting
i Residues

Cattle Sheep Croal Camel

ton/ year

Type of Animal

Figure 5.1: The average collectible wet residues (Dung) of animals (tlon/year}
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A complete collection of all residues is hard since animals holdings
are distributed on a wide area. Knowing that each holding of sheep or goat
contains five heads, and each holding of cattle or camels contains one head.

Waste collecting factor for amimal waste was calculated depending
on amimal population density and the amount of residues that produced
from animals in one holding.
Figure 5.2 shows the Average Collecting Factor of goat and sheep for all
cities m WB&GS based. The maximum collecting factor was found to be

about % 95 Jericho governorates.
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Figure 5.2: The Average Collecting Factor for goat and sheep wastes for all

governorates in WB&GS

The collecting factors for cattle waste were also calculated based on
amimal population density. The collecting factors value for cattle varies
between (76%-93%). Figure 5.3 illustrates the average collecting factor for

cattle and camels in WB&GS.
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Flgure 5.3: The average collecting factor for cattle and camels in WB&GS.

Poultry Residues:

Poultry residues are differing from other animal residues because the
poultry is concentrated in a limited number of holding with high population
density. The potential of actual collecting residues for poultry 15
290952ton/year. These residues were calculated based on equations (3.6-
1.8). Figure 54 & 5.5 show the percentage of the Poultry waste m
WB&GS and the actual collecting residues for poultry.
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Flgure 5.4: The percentage of the Poultry waste in WB&GS
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Figure 5.5: The actual collecting wet residues (dung) for poultry (ton/year),
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5.1.2 Agricultural Residues:
Natural Residues:

This section summarizes the final results of biomass residues from
agriculture waste. The calculations of the vegetable residues depending on
some local reviews and statistics and were based on European study (for
European countries) due to the scarcity of information for the local area,
knowing that the percentage of generated waste in our country is higher
than in Europe due to the use of modern harvesting machines.

For this reason, a new factor was calculated depending on a real
data. The actual amount of tomato residues is known for each dunam which
is approximately (3-5) ton per dunam. A new factor was calculated that
shows the differences between the tomato residue produced by using
European factor and actual tomato residues which produced in WB&GS:
the new factor is the result of dividing the actual residue to residues that
produced depending on European. This factor was used to calculate the
actual residue for all vegetable residues (assume the new factor was
calculated for all vegetable crops is the same. The new factor is 1.45.
Figure 5.6 shows the Collecting Factor for trees and vegetable crops n
WB&GS. The potential of agricultural residues that can be collected 15
472043ton/vear. These residues were calculated based on equations (3,1-3.5),
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Figure 5.6: Collecting Factor for trees and vegetable crops in WB&GS.

Figure 5.7 illustrates the potential of main residues for trees and

vegetable crops in WB&GS, the highest potential for pruning residues.
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Flgure 5.7: The main residues for trees and vegetable crops in WB&GS (ton/yvear)
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5.1.3 Industrial Residues:

Industrial residues are differing from natural residues, and the
collectible industrial residues are easier because it is concentrated In a
limited area such as food factonies.

In industrial residues. most of the waste can be collected, collecting
factor can be up to 95%, and Figure 5.8 shows the average theoretical and
actual collectible residues for food industries, knowing that the amount of
waste 1s 48925 ton/year. These residues were calculated based on

equations (3.1-3.5).
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Flgure 5.8: The average theoretical and actual collecting residues for food industries

(ton/year)

Other tvpes of industrial residues are Zebar and Jeft. these residues

deployed across th e whole of WB&GS as shown in Figure 5.9,



124

lenin and Tubas®
Tutkarm 2% I~ Kinan Yunis and..
g it

Mablus ¢ « Deir Al-Balah
:'Gaza

Qalgiliya ;;'

Salfits “/Hahron

L
Ramallah and AFS— | Bethlehem
Jeruzalem
—Per_:enta_ge of _Ee:ha[h_n!:luned
E Jenin and...
Tutkar® T~ Khan Yunis...
Gy e
Nablus - Deir Al-Balah
Qalgfiya |3 \Gaza
Salfit' Al ! ~Hebron
Ramallahi.. | _“Bethiehem

Jerusalem —Percentage of Jefit

Figure 5.9: the percentage of Zebar and Jefi in WB&GS,

5.1.4 Municipal Household Solid Waste:

The daily average of solid waste of the household generation is
approximately 3.2kg in West Bank and 2.4kg in Gaza Strip. The actual
potential of MHSW 15 88454%0on/vear and the actual potential of organic
MHSW is 556549 ton'vear in WB&GS. Approximately 95% of MHSW
can be collected. Figure 5.10 shows the average potential of Municipal

Household solid waste in WB&GS.
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Figure 5.10: Average potential of Municipal Household solid waste in WB&GS-

(tonfvear)

MHSW residues deploved across the whole of WB&GS. Figure 5.11
shows the percentage of Daily MHSW Generated in WB&GS
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Flgure 5.11: The percentage of Daily MHSW Generated in WB&GS
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5.2 Energy potential:

Biomass residues have been divided into two parts, the first part is
more suitable for an anaerobic digester. and the second one 15 more suitable
for the gasification process. This section describes the nature of these
residues and the potential of energy production.

Biogas potential:

There are many types of waste that can be used for biogas production
using anaerobic digester process. In general, non-woody wastes are very
suitable to use in anaerobic digester because they are easy degrades by
anaerobic bacteria. Table 5.1 summanzed the main Wastes that suited

anaerobic digester in WB&GS.

Table 5.1: the main Wastes that suited anaerobic digester in WB&GS

Type of Residues
Animal | Cattle, Camel, Sheep, Goats

Poultry
Corrupt egos &Eppshell, Slaughterhouse waste

Poultry

Zebar
waste of beer industry- fermentation barley
waste of tomato juice
Agriculture waste of citrus juice- peels & pulp-
waste of manufacturing grape-juice. alcohol, Qamar
Uddin

waste of tahimi industry-sesame
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CHP Generator is the best choice to produce the electrical energy
from these wastes using anaerobic digester. The potential of electrical
energy that can be produced by CHP generator is approximately
192.573GWh, yearly and a by-product generate 236.146 GWhy;, of thermal
energy. Figure 5.12 illustrates the potential of electrical and thermal energy
which can be produced from anaerobic digesters using CHP generator in
WB&GS. These values were calculated based on equations 3.13 and 3.14.
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Flgure 5.12: The potential of energy production using CHF Generator in WB&GS

The farmers consume approximately 2963 Ton LPG gas annually
heating animal holding facilities. Figure 5.13 shows consumption of energy

for heating holdings in WB&GS.
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Figure 5.13: Thermal energy consumpt

ion for animal holdings heating in WB&GS.

In general, 15% (on average) of amimal dung can be enough to

produce the necessary biogas needed to heat the amimal holdings. Figure

5.14 illustrates the percentage of biogas needed to heat amimal holdings.
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Figure 3,14: The percenta

ge of biogas needed 1o heat animal holdings.
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Producer Gas:
There are many types of waste that can be used for producer gas
production using gasification process. Generally. woody wastes are very
suitable 1o use in gasification processes. Table 5.2 summarized the main

Wastes that suited gasification process in WB&GS.

Table 5.2: The main Wastes that suited gasification process in

WB&GS

Type of Residues

Vegetable Residues
Pruning residues (nuts and apples,
Natural Residues grapes, etc.)

Banana residues
Date residues

Food Industries | Solid Cake- Jefi-
Municipal Household solid waste (MHSW)

The potential of electrical energy that can be produced using
gasification process 1s approximately 816.7161GWh, based on equations
{3.11 and 3.14). Figure 5.15 illustrates the potential of electrical energy

production using gasification process in WB&GS.
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Flgure 5.15: The potential of electrical energy production using gasification process in

WB&GS

In this study organic MHSW can be used for energy production
using gasification process. MHSW needs many sorting processes to get nid
of metals, glass, and plastic before using in the gasifier, and also special
treatment may be required if other undesirable and hazardous materials
exist.

There are several advantages of gasification of MHSW compared to
conventional methods (burning methods) for the disposal of MHSW, The
use of oxygen in limited quantities reduces the quantity of dioxins, sulfur
and nitrogen oxides that formed. Furthermore, the volume of produced gas
is low: this leads to reducing the cost of treatment and cleaning equipment.
Finally. gasification method generates combustible gas that can be used to
generate electricity. In addition to these advantages, there are some

negatives such as tars and heavy metals that cause environmental problems.
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For these reasons, the use of MHSW in gasification needs more
investigations.

The potential of energy production from gasification i1s higher than
pyrolysis, but dealing with pyrolysis products more easily and less complex
than gasification products. There are many caveats and limitations on the
use of pyrolysis especially with regard to gaseous emussions, these
emissions are toxic especially when plastic and polymers are used.

Figure 5.16 shows the potential of electrical energy production using
Pyrolysis process in WB&GS based on equations (3.12 and 3.15)
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Flgure 5.16: The potential of electrical energy production using Pyrolysis process in

WB&GS

Finally, the potential of energy that may be produced using anaerobic

digester and gasification process is illustrated in Figure 5.17.
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anaerobic digester and gasification process in WB&GS

Biomass residues can be contributed up to 9% of the total electricity
consumption in WB&GS if the residues are used properly, while it can be
contributed up to 17% when using the Solid Waste. Figure 5.18 shows the
relationship between total consumption of electncity and energy which
produced using bioenergy in WB&GS.
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Figure 5.18: The relationship between total consumption of electricity and

energy which produced using bicenergy in WB&GS
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5.3Experimental Work

In this study, a homemade downdrafi gasifier was designed and
constructed successfully and tested.

In the first operating, Olive cake (Jeft) residue was used. Gas evolution
was noticed to start at 500°C. The produced gas was burned successfully in
the presence of air at 720°C and.

The flow rate of producer gas in this run was calculated to be 3.3
m'/hr. Table 5.3 illustrates the operating parameters and amount of
products from the gasifier for the first run

Table 5.3: The physical and combustible properties of producer gas

Parameter value

Gasifier Temperature 720°C

Gasifier Pressure drop 4em H-O

Air Blast Volumetric (@ 25°C | 1.184m " /h, (1.401kg/hr)
Biomass Consumption Skg'h

Gas Output (@ 35°C 3.3m'/h

As shown in Table 5.3, the volumetric flow rate of producer gas
volume 15 2.79 times of the arr input volume, When comparing the
volumetric flow rate of air- which injected into gasifier- with a simulation
model, 1t 15 shown that this value (The flowrate of mjected air in the
experiment is 1.1836m*/h) which is less than the appropriate value (the
appropriate value of injected air in simulation is 6.0928m’/h).

Using Jett as feed stock for gasification process has negative effect
on the pressure drop mside the gasifier due to small particle size. When
gasifier filling up to level (a) (as shown in Figure 5.19) and water filter was

used, pressure drop across full reactor 1s 4cm H,0O, and when 1t was filled
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up to level (b}, pressure drop rises to 47cm H,0. knowing that the average
pressure drop across full reactor based on the design parameters should be

between { 1.54-30.5) cmH.0 according to the literature.

Flgure 5.19: Preview of pressure inside gasifier

When gasifier was filled up to level (b), the pressure rises from latm.
to more than | .086atm. (1.1bar), knowing that the operating pressure inside
gasifier is latm. This problem led to burn the producer gas inside gasifier.

In the second run, Gas evolution was noticed to start at 215°C after
two minutes of gasifier start. After 2.14 minutes, the temperature reached
700°C. The flow rate of producer gas in this operating was calculated to be
3.6m’ /hr. Table 5.4, Figure 5.20 and 5.21 illustrate the operation of gasifier
and operating parameter and amount of products from the gasifier for the

second run.



135

Table 5.4: the physical and combustible properties of producer gas

Parameter Values
Gasifier Temperature 500-850°C
Gasifier Pressure 2em H.O
Biomass Consumption{ dry Olive | 4.6 kg'h
cake- Jeft)

Tar 126.36gr'h
Gias Out put 3.6m/h

Flgure 5.20: Homemade downdraft gasifier



Flgure 5.21: Operation and testing of homemade gasifier.

The actual mass of tar is slightly more than 126.36kg because some
of the tar remains in burner and filter. The producer gas temperature after
cooling 15 35°C, Figure 522 shows Char and tar produced using
gasification process.

We were not able to analyze the producer gas due to the lack of

possibilities currently.
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Figare 5.22: Char produced using gasification process
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5.4 Sensitivity analysis of simulation models
The gasification performance can be evaluated by many parameters
such as Thermal efficiency, Gasification system efficiency (it can be
used to better evaluate non-conventional gasification processes), Hot
Gas efficiency, Cold gas efficiency (CGE), carbon conversion
efficiency and gas yield.
Normally, to evaluate a performance of conventional gasification system,
cold gas efficiency can be used. The CGE refers to the fraction of energy
stored in the biomass feed that is converted into energy of the produced
producer gas. The higher the value of CGE the better the biomass
conversion into gas.

In this section, a sensitivity analysis process -using simulation
software- was carried out in order to determine the most pronounced
parameters that affect the gasification process. The properties of Jeft
feedstock has been used for this purpose.

The effect of the following parameter on the composition, lower
heating value, cold gas efficiency of the producer gas were investigated

1. Biomass molsture content,

I

. Alr temperature.

. Gasification Temperature.

R

. Air and Oxygen Equivalent ratio

. Steam to Biomass Ratio (STBR)

2 A

. Steam temperature,

. Steam with Oxygen or Air equivalent ratio

|
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8. Hydrogen injection.

9. Recycling Ratio.

10.CO; injection.

11.Traces Gas generation.

12. Feedstock type.

13.Residence Time on producer gas.

Moreover, the effect of temperature on tracer gases formation and

the effect of temperature and feedstock particle size on residence time were

also determined.

5.4.1 Effect of Biomass Moisture Content.

Biomass has a high percentage of moisture. The moisture in the
biomass has an undesirable effect on gasification process. Knowing that the
high moisture in biomass absorbs the heat and results in decreasing the
temperature of gasification process. Therefore, it 15 necessary to decrease
the moisture content as possible, especially at low gasification temperature.

Biomass moisture content (dry basis mole fraction %)) was found to
has high impact on producer gas composition. for example the H- content
decreased from 22.7-10.6% over the moisture range 0-25%. Moisture
content higher than 25% was found to have a very strong influence on
hydrogen concentration. The hvdrogen content decreased from 10.6 to
6.1% when moisture content rises from 25 to 30%). Reminding that the
hydrogen content has a high effect on LHV of producer gas. The effect of

increasing moisture content on mole fraction. LHV & CGE of the producer
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gas 15 llustrated in Figure 5.23. However, moisture content was found to
have a very strong influence on CGE (CGE decreases from 52.2% at 0%
moisture to 18.9% at 39% moisture). CGE depends on both the LHV of
producer gas and mass flow rate. The high moisture content drops the
producer gas mass flow rate that causes the dramatic reduction in CGE for
high moisture content. Based on these results the biomass moisture content
proved to be the most significant parameter regarding gasifier CGE and
therefore should be as low as possible. These results especially LHV (to

some extent) correspond to the finding of Kumar et al., (2016) [104].
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Flgure 5.23: The effect of biomass moisture content on mole fraction, LHV & CGE of

the producer gas.

5.4.2 Effect of Inlet Air Temperature:

In this case. air temperature was varied from 10-1000°C while other
parameters kept constant. The producer gas compesition, LHV and celd
gas efficiency of producer gas were studied. Figure 5.24 shows the effect of
the air temperature on the producer gas composition (dry basis mole

fraction “o). As the air temperature increases from 10-1000°C, both H, and
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CO rise percent from 15.87 & 2.80 to 23.82 & 12.84 %, respectively. CO,
dropped from 19.87% to 14.54%. CH, content is very low,

Mole fraction

Température- °C

Flgure 5.24: The effect of the air temperature on the producer gas composition

When the air temperature increases from (10-1000) °C. both the LHV
and CGE of the producer gas increase from 2.06 MI/Nm' & 37% to 4.91
MJ/Nm' & 58%, respectively. The effect of the air temperature on the CGE
and LHV of the producer gas is illustrated on Figure 5.25.

Use of highly air temperature provides additional energy to the
gasification process, which enhances the decomposition of the feedstock.
Increase of air temperature reduces the production of tars and char residues
as well as increases the heating value of the dry producer gas, Overall, it
has been shown that the LHV and the CGE of the dry producer gas increase

with increasing temperature,
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Figure 5.25: The effect of inlel air temperature on the CGE & LHV of the produocer gas.

All of these results correspond to the finding of Doherty et al,
(2009) [105], Except for a slight difference in a results due to different

feedstock charactenstics.

543 Effect of Temperature

The gasifier temperature has a pronounced effect on producer gas
composition. At low temperature. the concentrations of main gases in
producer gas are low. When the temperature nises, the concentration of
main gases increased especially CO & Hi The effect of temperature on the

composition of producer gas 1s illustrated in Figure 5.26 at AER=0.2
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The gasification temperature has a very strong influence on producer
gas composition, because the main reactions in gasification process are
endothermic reaction (equation | and 2 in Table 2.3: [{C + €O, < 2C0},
{€+ H,0 <+ CO+ H,}]). That means the reaction rate to generate of
hvdrogen and carbon monoxide from biomass increases by increasing the
gasifier temperature.

Over the gasification temperature range of (330-200) °C. H;
increases 16 points (from 9 to 25%) and CO rises 8 ponts (from 7 to 15%),

CH; formation starts at °C. Temperature has low impact on CH;

formation for temperature above 900°C. Referring to reaction equation for
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methane formation, as in equations 2,10-2.12, methane generation depends
on hydrogen and carbon monoxide concentrations in producer gas,
hydrogen and carbon monoxide concentrations nises dramatically at 720°C
where the methane formation starts.

[{2€0 + 2H, - CH, + C0,}.  {CO + 3H, « CH, + H,0}. and

(CO, + 4H, — CH, + 2H,0}].

The wvaration i producer gas compositon with gasification
temperature can be understood by considering that nsmg temperature
favors the endothermic pasification reactions as in Eq. 2.1.2.2 and 2.13

C+H;0«CO+H,

C+C0;« 2C0

CH; + H:O « CO + 3H,

And simultaneously the reactants of exothermic reactions as in Eq.
2.3(C+2H; += CHy and 2.9 (CO + H,;0 « CO, + H,). From these results,
it can be concluded that gasification temperature is the most important
parameter with respect to producer gas composition and it 15 recommended
to operate the gasifier in the temperature range (800-950) °C in order to
maximize H, and CO concentrations and to nummize CO; concentration

The LHV is calculated from the dry gas composition and the CGE 15
determined using LHV values for both producer gas and biomass input
{equation 3.17). LHV increases from 1.84 to 5.27 MJkg over the gasifier
temperature range (350-1100) °C. Gasifier CGE rnises over the gasifier
temperature range; with a maximum at 1100°C and a minimum at 350°C

(65.1% and 14.3%). the gasifier should be operated in the Temperature
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range around 900°C in order to maximize CGE and produce a high heating
value syngas with high H, and CO content.

Cold Gas Efficiency is calculated to determine the suitable
temperature of a gasifier that gives the highest heating values under normal
conditions. Figure 5.27 shows the effect of temperature on cold gas
efficiency and heating value under normal conditions. When the
temperature increases, the heating value increases significantly up to
900°C. After that the change i heating value is negligible, according to

that the optimum gasifier temperature is 900°C.
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Figare 5.27: The effect of gosifier temperature on CGE and LHV under normal

conditions

Taking into account the difference in feed stock, these results

correspond to the finding of Chen et al., (2010} [ 106].
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5.4.4 Effect of Air and Oxygen Equivalent ratio

54.4.1 Air Equivalent Ratio:

Air Equivalent ratio (AER) is the ratio of actual amount of air
supplied to the gasifier and the stoichiometric amount of air required for
the complete combustion of feed. The amount of air needed 1o produce the
producer gas must be less than stoichiometric value at a gasifier
temperature of 900°C. When a limited air is used in the gasification
process, the CO and H; 1s formed. Figure (5.28-a) shows the effect of Air
equivalent ratio on producer pas composition

The AER is the most important parameter which controls the

composition of producer pas. The AER has been varied in the range of
0.1-1. At very low AER (limited oxygen) the conversion of feed is not
complete and it converts to carbon monoxide and hvdrogen as show in the
following equations:
(C+ 050, » CO.CO+ H,0 €O, + H,). At very high AER close 1o
unity the carbon and hydrogen present in the feed are converted into carbon
dioxide and water respectively and no combustible gas is produced based
on equation (C 4+ 0, = €05, €O 4+ 050, - €0,, H, + 0.50, — H,0).

When the Cold Gas Efficiency is calculated. the best value of air
equivalence ratio is determined. The suitable value of Air Equivalent Ratio
is 0.2 and the heating value at this point was equal to 5.126MJ/Nm’. Cold
gas efficiency 42.6% was recorded at AER of 0.1, When AER raised to 0.2
the CGE raised to 69.1%. Based on these findings. the AER is kept at 0.20
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during other analysis. Figure (5.29-a&b) illustrates the Effect of AER on
heating value & cold gas efficiency. All of these results correspond to the
finding of Ramzan et al., (2013) [107]. Except for a slight difference in a

results due to different in feedstock charactenstics and changes of some

operating parameter.

5442 Oxygen Equivalent Ratio:

Oxvgen needed to produce the producer gas must be less than
stoichiometric value where the temperature of the gasifier 1s kept at 900°C.
This parameter (oxygen equivalent ratio) effect is very similar to Air
equivalent Ratio effect. (Figure 5.28-b) shows the Effect of Oxygen

equivalent ratio on producer gas composition.
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Figure 5.28: Effect of Air & Oxygen equivalent ratio on producer gas composition.

For the same ratios, oxygen always gives higher cold gas efficiency
than air. The highest heating value was obtained at Oxygen Equivalent

ratio equal to 0.2 (heating value = 9.419 MJ/Nm’). Figure (5.29a&b)
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illustrates the Effect of oxygen equivalent ratio on heating value & cold gas

efficiency.
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Figure 5.29: Effect of Air & Oxygen equivalent ratio on heating value & cold gas

efficiency,

Up to the researcher knowledge, no simulation similar results and
detailed of oxygen equivalent ratio effect on the composition of producer
gas are found i the open literature, therefor, the obtained results cannot be

compared with others.

5.4.5 Effect of Steam to Biomass Ratio (STBR)

In this part, the effect of using only steam media in gasification process at
gasifier temperature of 900°C and different steam temperature was
investigated. Unlike the previous simulations, the methanation and
hydrogasification reactions are the main reactions. At low steam
temperature, (T,={50°C). These reactions are: [{2C0 4 2H, — CH,+
€0,}), {CO+3H, <« CHy+H,0}. {C0,+4H; = CH,+2H,0L{C+
2H, « CH,}]. As seen from these equations, the main gases are methane,

carbon dioxide, and water. The Methane gas 15 the main effluent when a
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pure steam is injected nstead of air or oxygen and at low temperature
(T,=150°C). Hydrogen and carbon monoxide are consumed during these
reactions for the production of methane. This causes the low concentration
of hydrogen and carbon monoxide significantly. Over the STBR range
0.107-2.5 CH, decreases by 39 percentage points (97.7%- 58.7% as dry
basis). However, on a wet basis, only 4.9 percentage points (16.5%-11.6%)
were observed. Other gases especially H; and CO are himited due to
conversion to methane. CO, increases by 39.913 percentage points
(1.045%-40.958%),

Figure (5.30-a&b) shows the effect of steam ratio on the composition
of producer gas at T=150°C.

On the other hand, the steam reaction ( C + H,0 « C0 + H,) and
Steam-Reforming reaction (CH,; + H,0 « €0+ 3H,) are endothermic
reactions. When using steam at high temperature (T,=900°C), these
reactions are starting to form hydrogen as a main gas. Methanation reaction
(CHy + 20, + CO, 4+ 2H,0), Water-gas-shift (WGS) reaction (€O +
H:( + €0, + Hy) and Steam-Reforming Reactions (CH, + 050, <
€0+ 2H, Are the dominant reactions for hydrogen production at the
specified conditions. Methane and carbon monoxide are consumed during
these reactions for the production of hydrogen. This causes the low
concentration of methane and carbon monoxide.

Over the STBR range of 0.107-4, hydrogen increases by 56.947
percentage points (0.052%-56.999% as dry basis). The concentration of
Methane drops by 86.952 percentage points (97.700%-10.748%).
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Figure (5.30-c) illustrate the effect of steam ratio on the composition

of producer gas at T,= 900 "C.
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Flgure 5.30: Effect of steam injection on the composition of producer gas at T, =4 °C

& T, =150 & 900°C.
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It is obvious from Figure 5.31 that STBR above 1.2 at T=900"C &
2.5 T=150°C, has little impact on CGE.

The increasing of STBR helps in increasing the effluent flow rate
and decreasing m heating value. These opposing trends result in little
change in the CGE.

Steam injection 15 used to generate hydrogen at high steam
temperature and high STBR (Figure (5.30). But If the objective to obtain a
high CGE, the optimum STBR was found to be 25 at T, =I50°C & T, =
200°C.

Figure 5.31 that illustrate the effect of Steam to Biomass Ratio on

lower heating value and CGE under optimum gasifier temperature of

900°C.
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Figure 5.31: The effect of Steam to Biomass Ratio on CGE and LHV.

From these results, it is clear that STBR 1s the most important
parameter with respect to producer gas composition. The operation at

higher STBR is not advisable considering the detrimental effect on
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producer gas LHV and the energy that would be required to generate the
steam.
Up to the researcher knowledge, no similar simulation results of
Steam to Biomass Ratio effect on the composition of producer gas at
different temperature are found in the open literature, therefor, our results

cannot be compared with others.

5.4.6 Effect of stcam temperature.

The reaction rate of steam (£ + H,0 < CO+ H,) and Steam-
Reforming (CH, + H,0 « C0O + 3H,) increases when the steam
temperature rises, due to nature of these reactions (endothermic). These
reactions are starting to form hydrogen as a main gas with reduction in
methane concentration during increasing steam temperature and STBR.
Figure 5.32 shows the changing in hyvdrogen and main concentrations of
producer gas over steam temperature 100-900°C.

The optimum steam ltemperature to generate producer gas at high
cold gas efficiency was found to be at 150°C and at high STBR. On
contrary. the high concentration of hydrogen i1s generating at a high steam
temperature and high STBR. At low stcam temperature, the main
component of effluent gas was methane. The methane formation was
predonunant until 550°C. For temperature higher than 550°C. it was found
that the formation of hydrogen starts to increase rapidly while abrupt
decrease in methane formation occurs. Figure 532 shows the effect of

steam temperature on producer gas composition.
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Flgure 5.32: Effect of steam temperature on the composition of producer gas at different STBR values.
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Any increasing in steam temperature caused to reduction in lower
heating value of producer gas as a result of reduction i methane
concentration and increasing in hvdrogen concentration. Figure 5.33 shows

the effect of steam temperature on the lower heating value for producer gas.
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Flgure 5.33: The effect of steam temperature on LHY of producer gas at

different value of STBR & T, and atT=HN"C.

The elevated steam temperature and STBR nise the CGE which have
a positive effect on gasifier performance. When the temperature of the
steam increases from 100°C to 130°C, the Cold Gas Efficiency increased
significantly. It increased from 23.5%-75.2% (up 51.7 percentage points) at
STBR is 2.5, while The CGE increases from 75.2%-80.4% (up 5.2
percentage points) at steam temperature range 150-900°C and STBR 15 2.5,
The improvement mn performance is only slight; therefore, preheating the
steam to high temperature (e.g. 500-900°C) i1s not recommended if the

economy energy that would be required is considered.
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The Cold Gas Efficiency is affected by changes in STBR
significantly, It increased from 44.2%-75.2% (up 3] percentage points) at
steam temperature i1s 150°C. Figure 534 shows the effect of steam

temperature on CGE at different value of STBR and steam temperature.
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Figure 5.34: The effect of steam temperature on CGE at different value of
STBR & T.. and at T,= 900°C.
Up to the researcher knowledge, no simulation similar results and

detailed of the effect of steam temperature on produced gas Composition

are found in the open literature, there for our results cannot be compared

with others,
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5.4.7 Effect of Steam with Oxygen or Air equivalent ratio

Any increases in STBR up to 1.4 with limited amount of oxygen and
at low steam temperature, the concentration of Hydrogen and carbon
dioxide increase significantly, on contrast, the carbon monoxide fraction
decreased dramatically by increasing the steam to biomass ratio as a result
of increasing of water-gas or steam reaction rate (C + H,0 — CO + H,)
and water-gas-shift reaction rate (CO + H,0 — €0, + H,). After point
(STBR>14), the rate of Methanation Reactions (20 4 2H, — CH, +
€0y, and (CO + 3H, -+ CH, + H,0) increases, which means a reduction in
hydrogen and carbon monoxide concentrations. Figure (5.35-a) shows the
changing in hydrogen and main concentrations of producer gas over STBR
at low steam temperature.

Any increase in STBR and steam temperature can cause the
increasing of the concentration of hydrogen and carbon monoxide with
reduction of methane and carbon dioxide concentrations, as a result of the
increase in reaction rate of the water-gas or steam reaction (endothermic
reaction) (C+ H,0 — €0 +H,) and Methanation Reactions (CHy+
H,0 - CO + 3H,). This method can be used for hydrogen production.
Figure (5.35.b) shows the changing in hydrogen and main concentrations of

producer gas over STBR range at high steam temperature.
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Figure 5.35: The effect of steam on producer gas- after drying- at different T,, OER=

0.2 and T, = 900°C

The effect of using steam with air instead of oxygen is discussed in
the followmng part. Similar results to the previous section were obtained;
decreasing in hydrogen and other gases fractions were noticed due to
increasing of the nitrogen dilution effect which carmies out the heat from
gasifier. Also. in this case the heating value was lower with similar cold gas

efficiency. These results are given in Figures 5.36-5.38,
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Flgure 5.36: The effect of steam to biomass ratio on producer gas at AER of 0.2 and

T, =900°C
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The high concentration of hydrogen is generated at a high steam
temperature and high STBR. All of these results correspond to the finding
of Mohandas et al., (2015) [108], Except for a slight difference in a results
due to different feedstock charactenistics and changes of some operating
parameter.

In general, any increasing in STBR caused to reduction in lower
heating value of producer gas especially at high steam temperature as a
result of reduction in methane concentration and increasing in hydrogen
concentration. Figure 5.37 shows the effect of STBR at different value of

steam temperature on the lower heating value for producer gas.
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Flgure 5.37: Effect of steam on producer gas LHV at Oy/Air ER = 0.2 and T,= 900°C.

The Cold Gas Efficiency 1s slightly affected by changes in STBR. At
high steam temperature (T,=900°C) with oxygen or air as the gasifying
reagent the CGE decreased from (63.62/62.98)% to (61.76/ 61,71)%
respectively (up 1.86/1.27 percentage points). The maximum CGE at STBR
15 (0.3/0.6) when using {O,/Air) with steam at high steam temperature, after

that any increasing in STBR causes reduction in CGE. The increasing of
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STBR helps in increasing the effluent flow rate and decreasing in heating
value. These opposing trends result in little change in the CGE.
Figure 5.38 shows the effect of STBR with O,/Air on CGE.
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Figure 5.38: The ¢ffect of STBR on CGE of producer gas with Oy Alr ER= 0.2 and

T,=900"C.

5.4.8 Effect of Hydrogen Injection
Hydrogen injection into the gasifier enhances the properties of
producer gas. In case of hydrogen injection, The concentration of Hydrogen

in producer gas 15 more than 96%. Figure 5.39 shows the Effect of

Hydrogen injection on producer gas.

Mode fraction

H, to Biomass Batio

Figure 5.39: Effect of Hydrogen injection on producer gas
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The final Heating value of the producer gas i1s decreased when
Hydrogen 1s injected. This method uses to generate a hydrogen from
biomass and to prepare special chemical components. It needs special
attention due to the hydrogen properties. Figure 5.40 illustrates the effect of
Hydrogen injection on the heating value and cold gas efficiency of the
producer gas.
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Figure 5.40: Effect of Hydrogen injection into gasifier on total energy and
lower heating value of the producer gas

However, the lower heating value of producer gas decreases with the
increase of Hydrogen to biomass ratio, because the increment in H; is
outweighed by the drop in both CO and CH,. The vanation in total energy
may be explained by the fact that at low Hydrogen to biomass ratio the

Lower heating value 1s high; however, the producer gas flow rate i1s low.
Up to the researcher knowledge. no similar simulation results of the
effect of hydrogen injection on Producer Gas Composition are found in the

open literature. therefor our results cannot be compared with others.
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5.4.9 Effect of Recycling Ratio

Recycling of producer gas affects the composition of final producer
gas composition.. Figure 541 itlustrates the Effect of recyvcle stream on the
composition of producer gas.

The maximum hydrogen fraction was obtained when a recycling
ratio 1s 56% 1s used. Recycling ratio above 0.56 causes a rapid decrease in
hydrogen concentration, at the same point the methane concentration starts
increasing. The increment of hydrogen and methane fractions could be a
result of recycling a gas contains steam and hydrogen, which increase the
rate  of Water-gas-shif reaction (CO+ H,0—=C0,+H,) and
hydrogasification reaction (C+ 2H; — CH,). Besides that, the
decomposition of tar in the recycled gas may occur. Figure 5.41 shows the

Effect of recycle stream on the producer gas.
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Figure 3.41: Effect of recycle stream on the producer gas composition.

Recycling ratio up to (.38, increase the lower heating value and cold

gas efficiency of the producer gas from 5.126MJ/Nm’ and 62.5% to 7.487
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MJ/Nm' and 90.08%, respectively. Figure 5.42 illustrates the effect of
recycling stream on the lower heating value of the producer gas. The

optimum value of the recycling ratio, which can be obtained to get a

highest energy is 0.38.
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Flgure 5.42: The effect of recyele stream on LHY of the producer gas

Up to the researcher knowledge. no similar simulation results and detailed
of the effect of recycling ratio on producer gas Composition are found in

the open literature, there for our results cannot be compared with others.
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5.4.10 Effect of CO, injection.

The injection of CO, to gasifier affects the composition of the
producer gas. CO, addition at relativelly low temperature (150°C) has a
negative effect on the LHV and the composition of producer gas especially
carbon monoxide and hydrogen. On the other side, The high temperature of
C0, injection enhances the CGE and concentration of carbon monoxide as
a result of increased rate of Boudouard endothermic reaction (€ + €0, —
2C0). Figure 543 shows the effect of CO, on the composition of the
producer gas at Steam to Biomass Ratio equal to 0.6 and Air Equivalent
Ratio equal to 0.2,

Up to the researcher knowledge. no simulation similar results and
detailed of effect of CO, injection on producer gas composition are found

in the open literature, there for our results cannot be compared with others.
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5.4.11 Traces Gas generation in gasification process

In this part, the effect of temperature and air or oxygen mjection on
traces gas (especially NOx and 50x) formation is studied for Jefit. Oxygen
and mitrogen or sulfur reacts at high temperatures and stoichiometric ratio,
They undergo endothermic reaction produces various oxides of nitrogen
and sulfur.

In the presence of limited oxygen. nitrogen reacts with oxygen to
form Nitric oxide (N + 0, — 2ZN©@). In the presence of excess oxyzen,
mitrogen and sulfur react with the oxygen to form nitrogen and sulfur
dioxide (N, 4+ 20, < 2ZNO,), (5§ + 0, —= 50,) respectively.

In general, the generation of traces gas (especially NOx & Sox)
during the biomass gasification process 15 low since the degradation takes
place in limited oxvzen supply. Figure 5.44 and 545 show the fractions of

trace gases generated during gasification process.
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Figure 5.44: The relation between main of Troces Gas penerated and temperature

during gasification process.
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Flgure 5.4%: The relation between main Traces Gas generated and equivalent ratio of

oxygen or air during gasificalion process,

Up to the researcher knowledge, no similar simulations results and of
traces gas generation in gasification process are found mn the open

literature, there for our results cannot be compared with others,

5.4.12 Effect of feedstock

The properties of the producer gas depend on the type of feedstock.
The percentage of volatile material and fixed carbon for each feedstock are
the main factors that affect the quality of producer gas.

The gasification process is also flexible with respect to feedstock
quality and the use of mixed feedstock. The use of mixed feedstock m a
gasifier 15 an attractive option, and it will enhance energy production, due

to the production of high-value material from low-value matenal.
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CO. concentration in producer gas decreases 1.62 pomts (7.353-
5.73%) and it decreases 9.01 points (14.74-5.73%) comparing with sewage
sludge and poultry manure values. respectively. These results are obtained
when a mixed feedstock 15 used (50%Sewage sludge & 50% Poultry manure),
Figure 546 shows the mole fraction of main gases produced from the

gasif' cation of sewage sludge, Poultry manure and Jeft.
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Flgure 5.46: Effect of type of feedstock on producer gas composition.
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The potential of energy production from Jeft is higher than Poultry
manure and sewage sludge is the lowest. The LHV of the producer gas
when using a single feedstock in gasification process is 3.455 MJ/Nm' for
sewage sludge and 3.797MJ/Nm’ for poultry manure. It increases 1.303
pointe (3.455-4.758 MJ/Nm') and 0.961 points (3.797-4.758 MJ/Nm')
comparing with sewage sludge and poultry manure values, respectively,
These results are obtained when a mixed feedstock is used (50%Sewage
sludge & 50% Poultry manure), The comparison of the heatng values of

the produces gases is given in Figure 547 for the aforementioned

biomasses,
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Figure 5.47: Effect of three types of feedstock on the heating value of the producer gas.

There are many caveats and limitations on the use of poultry manure
and sewage sludge as a feedstock mto gasifier especially with regard to
gaseous emissions, these emissions are toxic. Also there are some negatives

such as Ash and heavy metals that cause environmental problems. For
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these reasons, the use of Poultry manure and Sewage Sludge in gasification
needs more investigations.
Up to the researcher knowledge. no similar simulation results on the
effect of feedstock on producer gas Composition are found mn the open

literature, there for our results cannot be compared with other.

5.4.13 Effect of Residence Time

The residence time represents the required time for pasification
process to completely convert biomass into combustible gases remaining
within the pasifier. It can be affected by manv parameters especially
gasifier design, the temperature of gasifier and particle size. The residence
time can be shorter when gasification temperature increases. Also, reducing
particle size reduces residence time which improves the overall gasification
process efficiency. Figure 548 and 5.49 illustrate a correlation berween the
residence time and particle size. All of these results correspond to the

finding of Shakorfow. (2016) [76].
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Chapter Six

Conclusion and recommendation
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Chapter Six
Conclusions and recommendations

This study discusses the potential of animal and agricultural residues
in WB&GS for biofuel production. A complete collection of all residues is
hard since animals holdings are distnbuted on a wide area. Wherefore the
collecting factor of animal and agricultural residues was determined. The
actual collectable residues were tabulated based on the population density
of animals and agricultural areas. The potential of actual collecting
residues for animal residues are 56654 1ton/vear. The maximum collecting
factor was found to be about % 95 in Jericho govemorates (for sheep), and
the collecting factor varies between (76%-95%) for cattle. The poultry is
concentrated n a limited number of holding with high population density.
The potential of actual collecting residues for poultry 1s 290952ton/year.

Another type of studied waste is agrnicultural residues. The potential
of agricultural residues that can be collected in WB&GS 1s 47204 3ton/ vear.
Other types of residues are industnal residues which are found to be
concentrated in a limited area. Most of the industrial residues can be
collected, knowing that the amount of waste is 48,925ton/year. The actual
potential of municipal houschold solid waste 1s found to be 88454%ton/vear
in WB&GS.

In terms of energy production from biomass residues, it was divided
into two parts, the first part is more suitable for an anaerobic digester to
generate a biogas, and the second one i1s more suitable for the gasification

process to generate a producer gas.
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CHP Generator is found to be the best choice to produce the
electrical energy from these wastes using anaerobic digester. The potential
of electrical energy that can be produced from anaerobic digesters using
CHP generator is approximately 192.573GWh, yearly in WB&GS and a
byv-product generate 236.146 GWh,, of thermal energy.

For heating animal holding facilines the farmers consume LPG. In
general, 15% (on average) of animal dung can be enough to produce the
necessary biogas needed to heat the animal holding facilities.

Other part for energy production from biomass residues is
gasification process. The potential of electnical energy that can be produced
using gasification process is approximately 816.7161 GWh..

There are several advantages of gasification of MHSW compared to
conventional methods for the disposal of MHSW such as the reduction in
the quantity of toxic emissions that formed. There are some negatives such
as heavy metals that cause environmental problems.

The potential of energy production from gasification i1s higher than
pyrolysis, but dealing with pyrolysis products more easily and less complex
than gasification products. Unfortunately, there are many limitations on the
use of pyrolysis especially with regard to gaseous emissions.

Biomass residues can be contributed up to 9% of the total electricity
consumption 1n WB&GS if the residues are used properly, while it can be
contributed up to 20% when using the MHSW.

In the experimental work section, a homemade downdraft gasifier was

designed and constructed successfully and tested. In the operating of
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gasifier, Olive cake (Jeft) residue was used. The produced gas was burned
successfully in the presence of air at 215°C after two munutes of gasifier
start. The flow rate of producer gas at this operating was calculated to be
3.6m’/hr at gasifier temperature is 700°C.

Final section helps in analysis and determination the optimal parameters
in gasification by estimating the effect of various parameters on the nature
of heating value and composition of producer gas using suitable simulation
software. These parameters were: Type of feedstock, the temperature of
gasifier and agent, an Equivalent ratio of the Air, Oxygen, Steam, CO, and
Hydrogen injection, residence time. In addition, the effect of recycling
portions of the producer gas was also investigated.

For the simulation process, the Jeft, slurry sludge and Poultry Mimor
feedstocks were taken as the gasified biomass.

From the aforementioned investigations and simulation process, the
following conclusions can be drawn:

|. The biomass feedstock needs to be dried before feeding it into the
gasifier, because the high moisture in biomass uses the energy.
which determines an inefficient gasification process.

2. The effect of Air temperature on producer gas composition was
observed. Results of simulation conducted m a high air temperature
show the capability of this way of maximizing the gaseous product
yield as a result of the high heating rates involved, and the LHV

increasing,
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. The gasifier temperature has a pronounced effect on producer gas
composition. When the temperature rises, the concentration of main
gases increased. According to that the optimum gasifier temperature
should be operated around 900°C in order to maximise CGE and
produce a high heating value syngas with high H and CO content.

. The amount of Oxygen or air needs to produce the producer gas must
be less than stoichiometric value. The suitable value of Oxygen and
Air Equivalent Ratio is 0.2 and the lower heating value at this point
was equal to 9.419 MJ/Nm’ for OER and 5.126MJ/Nm’ for AER.

. Using Jeft as feed stock for gasification process has a negative effect
on the pressure drop inside the gasifier due to small particle size.
thus it 1s recommended to pelletize (mimmum diameter is 5 mm) any
biomass before pasification.

. Airr flow rate must be njected into the gasifier and regulated to the
necessary steady state value before running the heater; this was
helpful in reaching the optimum temperature in shorter time.

. Air calibration (for air injection into gasifier) i1s done after gasifier
operation to prevent the effect of back pressure on air flow rate.

. The temperature set point should be around 50°C less than the
optimum temperature to avoid heating up the system more than the
optimum temperature.

. Steam injection 15 used to generate hydrogen at high steam

temperature and high STBR or to generate Methane gas at low
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temperature (T,=150°C). The optimum STBR to obtain a high CGE
was found to be 2.5 at T, =150°C & T,=900°C.

10.Any increases in STBR up to 1.4 with imited amount of oxygen or
air and at low steam temperature, the concentration of Hydrogen and
carbon dioxide increase significantly. On contrast. the carbon
monoxide fraction decreased dramatically. Any increasing in STBR
helps in increasing the effluent flow rate and decreasing in heating
value as a result of increasing in hydrogen concentration.

I 1.Hydrogen injection in gasifier uses to generate a hydrogen from
biomass. It enhances the properties of producer gas. The main gas in
producer gas is Hydrogen (more than 96%).

12. The recycle stream of producer gas affects on the composition of
final producer gas. The highest hydrogen fraction was obtained when
a recycling ratio of 56% is used. The optimum value of the recycling
ratio. which can be obtained to get a high energy 1s 0.38. This ratio
goes to increasing of hydrogen concentration and LHV (from
5.126MJ/Nm’ to 7487 MI/Nm').

13. The mjection of CO, into gasifier enhances the CGE which
incressed from 59% (at CO; to Biomass Ratio is0) to 64% at CO,
to Biomass Ratio is 4, T=150°C & Ty, =900°C.

14. The generation of traces gas (especially NOx and SOx) during the
biomass gasification process is low since the degradation take place

in limited oxygen supply.
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I5. The properties of the producer gas depend on the type of feedstock. The
percentage of volatile matenal and fixed carbon for each feedstock is
the main factors that affect the quality of producer gas. The use of
mixed feedstock in a gasifier will enhance energy production. The LHV
of the producer gas when using a single feedstock (Sewage sludge) in
gasification process is 3.455MI/Nm’ and for poultry manure is 3.797
MI/Nm'. It is increased to 4.758MJ/Nm' when using mixed feedstock
(50%Sewage sludge & 50% Poultry manure).
Recommendations:
The following recommendations may be implemented in future studies:

I. 1t is recommended to carry out experimental work using the design
gasifier in order to support the simulation result in this work, This can
include analysis of produced gas.
2. Carry out experimental work to study the effect of producer gas on

the gas engine generator.

3. The mam parameters of producer gas can be studied vsing different

types of feedstock such as Sewage Sludge, woody agricultural residues
,..BtC.
4. Study the possibility takes advantage of the gasifier to get nd of
some harmful residues (such as Medical Waste) in WB&GS.
5. Study of the effect of catalysts on producer gas pgeneration and

COMPpOsItion.
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Appendix A
A.l. The Energy Balance of WB&GS in Physical Units, 2013
Table A.1: Energy Balance of WB&GS in Physical Units, 2013, [109]

Energy Froducts
Flows F e B g é v g E = ‘E ; %‘ ¢ - Kerosene | Gasollne | Diesel E E
FE% 24838 2c |85 =& (1000 Liters) £2
= - =
Primary production | |.269.124 | 320864 | 26,000 - - - - - - 2.000
Impaorts - 10,150 - 17,507 | 2,110 | 132464 1648 237,545 | 556,780 | 4,734,254
Exports B 600 = = 318 = 2 = : Z
Stock change = - - = £ = = = = E
Total energy supply | 1.269,124 | 339,414 | 26,000 | 17.507 | 1792 | 132464 1,644 237545 | 556,780 | 4.736,254

(-}: Nill. Notes: 1. in all accounts related to charcoal and wood, a unified calorific value was used for each of the charcoal and wood based on the
weight of each type in the balance, and the calorific value for both was considered to be 15.75 migajoules/ton

2. The efficiency of the solar water heater was considered to be 45%6 and the consumed energy is half of the produces quantity.

3. The technical losses in electricity in the Palestinian Territory are considered to be 10% based on the Palestinian Electricity Distribution

Companies.
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Appendix B

B.1. Comparison of various plant designs

Table B.1: Comparison of various plant designs. [110]

Criteria: Design: | Fleating-drum Water-jacket Fixed-dome
Daily gas-output cm’ gas/m’
Vd) (depends on substrate 03-0.6 0.3 -6 (0.2-0.5
composition; here: cattle dung)
Cok sleraiis metal gasholder, metal gasholder, combined digester/
digester digester gasholder, Excavation
Comparison factor 100 120 60-20

like floating-drum, plus

fully developed, Inexpensive equipment,

longer usetul life and

reliable - ST s cood for agroresidue,
Recommended uses £ Do operational reliability = P
tamilysize ; : I extensive building
j (incl. operation with i Al
system experience required

night soil)

Suitability for dissemination + ++ i

++ highly recommended. + recommended with certain reservations
o recommended under certain circumstances. - not vel ready for recommendation




Table B.1: Continue, [110]
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Design: Floating-drum Water-jacket Fixed-dome
Criteria:
: " . . ; -ontinuous-feed,
s e continuous-feed, mixed continuous-feed, : o e .
Design principle mixed digester with

digester

mixed digester

slurry store

Main components

masonry digester, floating
metal gasholder

masonry digester,
floating metal

gasholder in sep.
water Jacket

masonry

digester/gasholder

with displacement
pit

Referred substrates

animal excrements, with or
without vegetable waste

animal excrements
with or without
vegetable waste

animal excrements
plus vegetable
waste

Anticipated useful
life

8-12 years

10-15 years

12-20 vears

Digester volume
(Vd)

6-100 m*

6-100 m’

6-20 m’




Table B.1: Continue, [110]
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Design: Floating-drum Water-jacket Fixed-dome
Criteria:
; very reliable, easy -
easy construction and : low cost of
Ny £ e i construction and :
Suoitability; operation, uniform gas . i construction, long
- advantages 2 operation, uniform gas S
pressure, mature : e useful life, well-
pressure, long useful life, ;
technology s ; insulated
mature technology
sealing of gasholder,
- drawbacks | metal gasholder can rust expensive fluctuating gas
pressure
- All biogas plants require careful, regular inspection/monitoring of their gas-containing
components -
Operation simple and easy ; regular | simple and easy: regular asv after careful
A " 3 ‘ " =" Li %
and painting of metal gas- painting of metal gas- o e
; : familiarizanon
maintenance holder holder




Table B.1: Continue, [110]
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Criteria: Design: balloon-type Earth pit Ferro cement | Horizontal (shallow)
Design confinuous-feed, continuous-feed, | continuous-feed, continuous-feed,
principle fermentation channel |  mixed digester mixed digester | fermentation channel
integrated Ferro cement e
. = : : masonry digester,
. digester/gasholder earth pit as digester, A
Main - : o floating metal
made of plastic digester, plastic | gasholder made
components : ; gasholder (or
sheeting gasholder of metal or Ferro -
separate)
cement
- amimal : _
amimal excrements . ; _ . animal excrements,
Referred v animal excrements | excrements, with ith itk
substrates onsy only or without VLS Wy
vegetable waste
vegetable waste
Anticipated :
! i e o 10 vears B-12 vears
; 2-5 years 2-5 years (i ears 2 year:
useful life y Y& Y




Table B.1: Continue, [110]
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S— . . Horizontal
Criteria: Design: bhalloon-ty Earth pit Ferro cement
g type p (shallow)
Digester volume 4-100 o’ 4-500 m’ 4-20 m* 20- 150 m’
(Vd)
potentially
e inexpensive
Suitability: _ Prefab. construction, gt construction, shallowness, easy
- - advantages 3 s Inexpensive, _ s ; 8
: easy operation : - long useful life, operation
gasy operation ; =
easy operation,
reliable
in-situ processing and | same as with
: _ o T ; Ferro cement
short useful life (2-5 plastic gas- - s
: : ; Ty | construction not | expensive, metal
- drawbacks years) of plastic holder, plus :
= ; s . vet adeguately gasholder
material, low gas soil - fisre
R — time-tested
pressure permeability

- All biogas plants require careful, regular inspection/monitoring of their gas-
containing components -




Table B.1: Continue, [110]

Ay . ; Earth Horizontal
Criteria: Design balloon-type ot Ferro cement (shallow)
Operation and casy ; rogular easy simple and easy

control of gas- simple and easy

maintenance e
pressure weights

Daily gas-output cm

i
gas'm” Vd) (depends on X5l ) 1.0.5 130 0.3-0.7
substrate composition; Uid-0% 03402 kg
here: cattle dung)
plastic sheeting plastic concrete (cement), digester, metal
Al sheeting lathing pasholder
Comparison factor 20- 110 20-401 70-90 S0

like floating-drum but

mostly for large very = . | medium-size system

o= | | requires experience in _ : hi=s

Recommended uses scale plants and fast | inexpens where shallowness

i : Ferro cement i ;
solutions ive plant i is required
construction
Suitability for
: T 0 0 = 0

dissemination

++ highly recommended, + recommended with certain reservations
0 recommended under certain circumstances, - not vet ready for recommendation
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Appendix C:
The main advantages and disadvantages of different gasification

technologies

Table C.1: The main advantages and disadvantages of different

gasification technologies. [35]

Type Advantages DMsadvantages
- Simple construction. - Low moisture fuels
e HI__E'jl carbon conversion. required.
fixed - Low tar content. - Limited scale-up
- High ash content feedstock potential.
possible - Poor heat exchange.
— Simple and robust construction. |- High tar content.
Updraft = Hil_:h thermal efﬂcifr?u}'. = Limilf_d ts-c'::le-up
fixed |- Highcarbon conversion. patential.
- High ash content feedstock — Poor heat exchange
possihle
— Good femperature conirol. — Operation can be more
difficult.

— Good gas-solid contact and
mixing, — Higher amounts of
particulates in the

—  Moderate tar content.
Shbbiing N producer gas.

fuidized |- Egsily started and stopped.

— High conversion efficiency.

= Ash not molten

= Good scale-up potential.

—  Broad particle-size distribution

— High carbon conversion. = Operation can be more
i — Moderate tar content. difficult.
renlating _ : o
Ruidized | High conversion efficiency. ]

= Good scale-up potential. ~ More costly

—  Broad particle-size distribution
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Flgure C.1: Feadstock, processes and final products of biomass energy alternatives. [11]
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Table C.2: Comparison of different types of gasifiers. [29]

Gaslification Fixed beds Fluldized beds E":I’::""“
Sypes Updraft | Downdrait | CFB ] BFB
trorrmes rorme L] T -
b =g s e { em
[y Tirn i’ '
L o ; ;
| " :
Farameters
Feedstock charncteristics
PT;E:IE 5-100mm 20-100mm | 0-20mm | 0-20mm <1 Mym
Ash Max.6% | Max. 6% | M3 | b 25% | Max 25%
tolerance 23%
Molsture | w0\ 60% | Max. 35% : 5 ;
content
Operational conditions
Oxygen Low Low Moderate Moderate High
demand w
Stenm High Low Moderate | Moderate High
demand = =
Feed-hlast Counfer-
i Co-current
Mow curment
Temperatur | S00-1000 1000-1200 750-930 Q00- 1000 1100-
e {Less {Less (more (more | '7|;J['|
{"C) uniform) uniform) uniform) umiform} B
Atmospheric| Atmospheric inERE
Operating ; ; nc or
Atmospheric| Atmospheric or or i
pressure - P pressurize
pressurized | pressurized d
ittty 770kPa | 35.1050kPa| 7-35kPa | 735kPa | 7-350kPa
Pressure
Gas veloelty Low Lovw nggcl':réh:m High High
7 time Long Long Short Short Very short
{(15-30 min) | (15-30} min) [5-5ks) {5-50s) {1-105)




Table C.2: Continue. [29]

Entralned
Aeaiee Fixed beds Fluidized beds i
types Updrafi | Downdraft | CFB BFB
Product characteristic
Tempersture | ;¢ 650 425650 | 900-1050 | 900-1050 | 1250-1600
pgas (T}
HHY = P >
b =t a1 =
(M mm:-; 5-6 455 5 A
{alr-blown) Very high Low Moderate | Moderate | Almost free
Tar content A e i 7
g.f.\'nr‘ 0.01540.5 0.01540.5 =5 <3
Plant
T 5.10 314 3 3 ;
ratio
Scaleip Limited Limited | Possible | Possible | Possible
gnslﬂcr
Thiryl <] MW TEW-10MW [ 1-100 MW | 1-25 MW 3
capaclty

1. DRYING =

v i maE A 5 -
Ko | DRY BIDMASS |
v | 20

L PYROLYSIS
AL ST i Tk T

AR RN e o N T HEACTIVE
| CRACKED TAR CHARCGAL

. I

PROCUCER GAS CHAR-ASH
H;-ITIIIEEI armall peeces of
_Mh,ﬂ“qq' seh-ch chasaal

* g o) i thee tresveriosn of L intn 4 00 and other farmreslsle gases. Ty mapodore 0 bgh ieepenore

Flgure C.2: The Five Processes of Gasification. [38]
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Figure C.3: The Reduction Reactions- The Heart of Gasifieation. [38]

Table C.5:Feedstock requirements for different tvpes of gasifiers. [36]

Gaslfier Slze Molsture Compaosition Other
Lo Should not change
R over time. Pre-treatment
EF IR 5% Limited proportion of |  steps being
b sy high-ash agricultural used
<dmm residues
L}
BFB [ .‘." Can change aver time
(and Dual " - 10-550% Care needed with
with BFB G ' Eee some agricultural
gasifier) SISk residues
CFB . % Can change aver time
{and Dual L M 5_60% Care needed with
with CFB . B ® hkonfic some agricultural
gasifier) enm residues
b L ] Not important. can Used fora
"8 Not change over time. varigty of
Plasma i  moortant Higher energy different
' po content feedstocks wastes. gate
Not important preferred fees commaon
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Appendix D

D.1. Percentage of dry matter and biogas production from wastes

Table D.l1: percentage of dry matter and biogas production from

wastes. [42]

Substrate for biogas | DM %] ODM Biogas vield
production in DM [%] [Nm'/ kg OTS]
e 1050 0.6-0.7
; R0-95 :
23 0.5
Apple mash s 10
Animal waste
Slaughterhouse waste - “"ﬁju'f
225 0.8-1.2
Meat and bone meal qa 3_ I
{ |8 680
Blood ligmd 36 -
, 90 0.65 09
Blood meal 20 160
Rumen content 12-16 0.3-0.6
{untreated) B5-B8 62

Greens, gras,

cereals, vegetable wastes

&
Vegetable wastes 7 h_‘;:] :.;L_F;]
" 06
L 82 820
— 1242 0.4-0.8
Greens (fresh) S0 =
e 8§20 0406
Market wastes =550 0
Leaves of sugar beet/ 15-18 0408
fodder beet ensilaged 7880 -




Table D.1: Continue. [42]
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Substrate for biogas
production

DM [%] ODM
in DM [%]

Biogas yield
[Nm'/ kg OTS]

Greens, gras,

cereals, vegetable wastes

Sugar beet/fodder beet L2343 A,
gar be er bee R0-95 -
22-2 9
Fodder beet mash i - ﬂ_
25 0.8-1.0
Potato haulm = =
— 3040 0.6-0.7
Maize ensilaged 5197 —
Sunflow 35 B
auntlower iR —
2426 -
Sorghum 9 —
] 41,
Maize straw -.-E [ 4:' y
Wastes from the food and fodder industry
Potato mash, potato 618 0.3-09
pulp, potato peelings B5-96 i-10
Potato pulp dried, potato R 0.6-0.7
shred, potato flakes 94 96 5
Mash from 25 ().5-R5
fermentations 90-95 35-60
. LWL 2-8 042
Mash from distillations TT s ¥
y - 7.3 1.3-0.7
Mash from fruits 5 L —
Dilseed residuals 92 0.9-1.0
(pressed) 97 _
Pomace 63 -
53 -
Molasses T7-90 0.3-0.7
8595 =
30 0.7
Molasse of lactose em =

Waste from tinned food

industry
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Substrate for DM [%] ODM | Biogas yield
biogas production in DM |%a) IE\'m".-' kg OTS]|
Wastes from houscholds and gastronomy
Leftovers (canteen 9-37 0.4-1.0
kitchen) 7598
Sewage sludge - 0.20-0.75
(households) - 17
Leftovers. overstored 14-18 0.2-0.5
food 8197 [ 0—40
Sewage sludge (industry) — 11{';
Wastes from pharmaceutical and other industries
Vegetable extraction - 0.2-0.75
residues -~ -
i 25 0.97-0.98
Egp waste 93 3035
Blood plasma 39_.“] 0.60-1 30
9598 4303
Waste from paper and B 0.2-0.3
carton production
| 13 0.65-0.75
Pulp 50 =
Productive livestock hushandry
Liquid manure from 611 0.1-0.8
cattle 6883 =
Excreta from cattle 25-30 0.6-0.8
{fresh) &0 -
Excreta from chicken :19 _%,? “']: o8
Excreta from sheep 18-25 0.3-04
{ fresh) BO-83 =
Excreta from horses 28 0.4-0.6
{ fresh) 25 =
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Efficiency
Comparison Example Efficiency
Source: Official Manufacturers Spec Sheets Electrical Thermal Total
CAT Gas Engine G3412 375ekWcont. 304% | 389% | 693 %
CAT Gas Engine G3406 150 ekWcont, 301% | 37.2% | 67.3%
Waukesha Engine VHP360 500 ekWcont. 34.4% (| 40.3% | 747 %
Jenbacher Engine JMS 312 525ekWcont. 404% | 40.2% | B0.6 %

&3 Z80E MAN Optimized Gas Engine 280 ekW cont. J74% | 46.8% | 84.2 %
& 3BOE MAN Optimized Gas Engine 380 ekW cont. L 460 % | B32 %
€ 400E MAN Optimized Gas Engine 400ekWcont. |38.2% | 46.8% | 85.0 %

—

Flgure D.1: Higher Efficiency results in significant Economic Advantages for the CHP Plant Operator [66]

D 265E MAN Agenitor® Nat. Gas 265ekWcont. 412% | 46.4%
© 450E MAN Agenitor® Nat. Gas* 450 ekW cont.* 421% | 45.9%

(*Avallable in 2011)
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Appendixes E
Potential of biomass in WB&GS

Table E.1: Wastes from the food and fodder industry. |42]

Substrate for | DM [%] ODM in Biogas vield
biogas DM [%%] [Nm'/ kg OTS]|
production Value | Average Value Average |
Mash from 2-5 3.5% 0.5-85 42,75
fermentations | 90-95 92.5% 3560 475
Mash from 2-8 5.0% 0.42 0.42
distillations 65-85 75.0% 14 14
Mash from 2-3 2.5% 0.3-0.7 0.5
fruits 95 95.0% =
Pt ::13 r_ﬂ-.ﬂ" ) - 0.5
53 53.0% - -
Vegetable 8.3-22.1 0.152 - -
wastes I5-T6 0.57 . =
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