The effective management of solid waste involves the application of various treatment methods, technologies and practices. All applied technologies and systems must ensure the protection of the public health and the environment. The technologies that are applied for the management of domestic solid waste include biological treatment (composting, anaerobic digestion) and thermal treatment technologies (incineration, pyrolisis, gasification).
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BIOLOGICAL TREATMENT TECHNOLOGIES
A. COMPOSTING
Introduction to composting process

Composting is the aerobic, or oxygen requiring, decomposition of organic materials by micro-organisms under controlled conditions. During composting the microorganisms consume oxygen while feeding on organic matter. This generates heat, carbon dioxide and water vapour, which are released into the atmosphere. Composting reduces both the volume and mass of the raw materials while transforming them into a stable organic final product which can be used as soil conditioner and improver. Composting can occur at a rapid rate when optimum conditions that encourage the growth of micro-organisms are established and maintained. As mentioned composting is a controlled aerobic (oxygen-using) biological decomposition of most organic (biologically derived carbon-containing) solid matter and that differentiates the process from the natural occurring decomposition. Nevertheless, the biochemical process in composting and in the natural decomposition of the organic matter is the same. 
Biology of composting
The composting process includes two major stages. The first one, called the ‘‘active phase’’, mainly develops degrading reactions. Dissolved organic matter is used as carbon and energy source by microorganisms for their metabolism. During the second phase of the composting process, called the ‘‘curing phase’’, organic macromolecules such as humic substances are generated. All reactions are based on numerous biological, thermal and physicochemical phenomena and involve oxygen consumption, as well as heat, water and carbon dioxide production. 
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A schematic diagram of composting process

In the process of composting, microorganisms break down organic matter and produce carbon dioxide, water, heat, and humus, the relatively stable organic end product. Under optimal conditions, composting proceeds through three phases which may have considerable overlap based on temperature gradients and differential temperature effects on microorganisms. These are 1) the mesophilic, or moderate-temperature phase, which lasts for a couple of days, 2) the thermophilic, or high-temperature phase, which can last from a few days to several weeks, and finally, 3) the cooling and maturation phase which results to the stabilisation of compost. The factors affecting the composting process include: the physical and chemical properties of the raw material, the level of oxygen, the moisture content, the temperature and the time over which the composting process takes place.
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The main stages of the composting process
Factors affecting the composting process 
The factors affecting the composting process include: the physical and chemical properties of the raw material, the level of oxygen, the moisture content, the temperature and the particle size of the substrate.
Feedstock and nutrient balance. In the composting process it is essential to determine the nutrient content of the feedstock. Of the many elements required for microbial decomposition, carbon and nitrogen (C:N ratio) are the most important. Carbon provides both an energy source and the basic microbial building block since it constitutes approximately half of the mass of microbial cells. Nitrogen is a crucial component of proteins, nucleic acids, amino acids, enzymes and co-enzymes needed for microbial cell growth. Controlled decomposition requires a proper balance of "green" organic materials (e.g., grass clippings, food scraps, manure), which contain large amounts of nitrogen, and "brown" organic materials (e.g., dry leaves, wood chips, branches), which contain large amounts of carbon but little nitrogen. Obtaining the right nutrient mix requires experimentation and patience and is part of the art and science of composting. 
Particle size. Grinding, chipping, and shredding materials increases the surface area on which the microorganism can feed. Smaller particles also produce a more homogeneous compost mixture and improve substrate insulation to help maintain optimum temperatures (see below). If the particles are too small, however, they might prevent air from flowing freely through the substrate. An average particle size of 10mm to 50mm generally produces the best results. However certain composting methods that do not include a turning process require a more robust physical structure to resist settling, so larger particles are necessary (greater than 50mm).
Moisture content. Moisture supports the metabolic processes of the micro-organisms. Water is the medium for chemical reactions, transportation of nutrients and allows the microorganisms to move about. Biological activity ceases below 15% moisture content and in theory activity is optimal when materials are saturated. Generally moisture content of between 40% and 65% should be maintained. At moisture content of below 40%, micro-organism activity will continue but at a slower rate and above 65% water will displace much of the air in the pore spaces of the composting material. This will limit the movement of air and lead to anaerobic conditions. Moisture content should be above 40% at the starting point, as it will generally decrease as composting proceeds. Therefore if the moisture content falls below 40%, water should be added to maintain optimum conditions. 
Oxygen flow. The readily degradable components of the raw materials are metabolised during the initial period of composting. Therefore the production of heat and the need for oxygen are greatest at the early stages and then they steadily decrease. Without a constant supply of oxygen, the process will slow down. Approximately a 5% minimum concentration of oxygen is required within the pore spaces (given air contains about 21% oxygen). If there is insufficient oxygen, the process can become anaerobic. Anaerobic decomposition involves a different set of micro-organisms and different biochemical reactions. Generally the decomposition occurs at a faster rate under aerobic rather than anaerobic conditions. Aeration is the process of providing oxygen into the composting material, as well as the mean to remove water vapour, gases and heat trapped within the materials. Temperature often is an indicator that determines how much and how often aeration is required, given that the required rate of aeration for heat removal can be much greater than that for supplying oxygen. Similarly the aeration rate required to reduce the moisture content is normally greater than that required for supplying oxygen, but less than the heat removal rate.

Temperature. Microorganisms require a certain temperature range for optimal activity. Certain temperatures promote rapid composting and destroy pathogens and weed seeds. Microbial activity can raise the temperature of the substrate to at least 60 °F. Micro-organism activity during composting releases large amounts of energy in the form of heat. This heat accumulates due to the self-insulating qualities of the compost material and causes the temperature to rise. At the same time water evaporates and water vapour and warm gases are vented. Turning and aeration accelerate the heat loss and is used to maintain temperatures within the desired range. When temperatures rise above 60oC the micro-organisms suffer the effects of high temperatures and the process slows down. Temperatures can continue to rise up to above 70oC due to insulation effects and on-going microbial activity. At these temperatures many micro-organisms die or become dormant and the process effectively stops until the micro-organisms can recover. Turning or aerating the substrate when it approaches 60oC can prevent this. If thermal kill does occur, the substrate should be re-mixed using material from biologically active batches.
Technology of composting
MSW composting begins with separating the organic materials from the rest of the waste and shredding or grinding the organics (the remaining MSW, about 50% of the total, is usually landfilled). In some cases, the organics are then initially composted inside a vessel that provides mechanical agitation and forced aeration; in other cases, composting takes place entirely in the open. Enclosed composting can help to control odors through better control of aeration and temperature. In all cases, composting in a vessel is followed by additional open air composting. 

Composting is a technically proven biological process. Three basic systems are used: 

· Static windrows (piles) 

· Turned windrows 

· In-vessel composting. 

The three systems differ mainly in the manner in which oxygen is transferred into the compost. Windrows are long piles, up to 6 feet high, of the material to be composted. Static windrows are built on a porous deck that allows air to be blown through the piles. The piles are not moved until composting is completed. Turned windrows are aerated by periodic mechanical mixing. For in-vessel composting, the material is placed in a tank, where it is aerated and mixed by tumbling or stirring. Composting in a vessel is a relatively short term process. It is followed by additional open-air composting. 
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Typical process of composting process using an in-vessel composting unit
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Composting process using the pile composting technology
B. ANAEROBIC DIGESTION
Introduction to anaerobic digestion process

Anaerobic digestion can be defined as the biological process during which the complex organic matter is decomposed by anaerobic microorganisms and under anaerobic conditions (i.e. absence of oxygen).  The input organic material is converted through anaerobic degradation into a more stabilized form, while a high energy gas mixture, consisting mainly of methane (CH4) and carbon dioxide (CO2), which is known as biogas is generated; biogas is collected and utilized as a source of energy. Anaerobic digestion reduces the quantity of organic waste ending up in landfills and also limits the potential methane emissions from landfills. Apart from CO2, CH4 is also considered as a gas which contributes significantly to the greenhouse effect and hence to global climate change. The organic material can originate form industrial or municipal waste, agricultural residues or sludge generated from wastewater treatment plants. 
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Typical process of anaerobic digestion

Biology of anaerobic digestion

There are a number of bacteria that are involved in the process of anaerobic digestion including acetic acid-forming bacteria (acetogens) and methane-forming bacteria (methanogens). These bacteria feed upon the initial feedstock, which undergoes a number of different processes converting it to intermediate molecules including sugars, hydrogen and acetic acid before finally being converted to biogas.

Different species of bacteria are able to survive at different temperature ranges. Ones living optimally at temperatures between 35-40°C are called mesophiles or mesophilic bacteria. Some of the bacteria can survive at the hotter and more hostile conditions of 55-60°C, these are called thermophils or thermophilic bacteria. Methanogens come from the primitive group of archaea. This family includes species that can grow in the hostile conditions of hydrothermal vents. These species are more resistant to heat and can therefore operate at thermophilic temperatures, a property that is unique to bacterial families. 
As with aerobic systems the bacteria in anaerobic systems the growing and reproducing microorganisms within them require a source of elemental oxygen to survive. 
In an anaerobic system there is an absence of gaseous oxygen. In an anaerobic digester, gaseous oxygen is prevented from entering the system through physical containment in sealed tanks. Anaerobes access oxygen from sources other than the surrounding air. The oxygen source for these microorganisms can be the organic material itself or alternatively may be supplied by inorganic oxides from within the input material. When the oxygen source in an anaerobic system is derived from the organic material itself, then the 'intermediate' end products are primarily alcohols, aldehydes and organic acids plus carbon dioxide. In the presence of specific methanogens, the intermediates are converted to the final end products of methane, carbon dioxide with trace levels of hydrogen sulfide. In an anaerobic system the majority of the chemical energy contained within the starting material is released by methanogenic bacteria as methane. 
Populations of anaerobic bacteria typically take a significant period of time to establish themselves to be fully effective. It is therefore common practice to introduce anaerobic microorganisms from materials with existing populations. There are four key biological and chemical stages of anaerobic digestion: 
1. Hydrolysis 

2. Acidogenesis 

3. Acetogenesis 

4. Methanogenesis 

In most cases, biomass is made up of large organic polymers. In order for the bacteria in anaerobic digesters to access the energy potential of the material, these chains must first be broken down into their smaller constituent parts. These constituent parts or monomers such as sugars are readily available by other bacteria. The process of breaking these chains and dissolving the smaller molecules into solution is called hydrolysis. Therefore hydrolysis of these high molecular weight polymeric components is the necessary first step in anaerobic digestion. Through hydrolysis the complex organic molecules are broken down into simple sugars, amino acids, and fatty acids.

Acetate and hydrogen produced in the first stages can be used directly by methanogens. Other molecules such as volatile fatty acids with a chain length that is greater than acetate must first be degraded into compounds that can be directly utilised by methanogens. 
The biological process of acidogenesis refers to the further breakdown of the remaining components by acidogenic (fermentative) bacteria. Volatile fatty acids are generated along with ammonia, carbon dioxide and hydrogen sulfide as well as other by-products.
The third stage anaerobic digestion is acetogenesis. During this process stage, simple molecules which have been produced through the acidogenesis phase are further degraded by acetogens to produce mainly acetic acid as well as carbon dioxide and hydrogen. 
The final stage of anaerobic digestion is the biological process of methanogenesis. Methanogens use the intermediate products of the preceding stages and convert them into methane, carbon dioxide and water. These components make constitute the majority of the biogas emitted from the system. Methanogenesis is sensitive to both high and low pH values and occurs between pH 6.5 and pH 8. The remaining, non-digestable material which the microbes cannot feed upon, along with any dead bacterial remains constitutes the digestate.
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The stages of anaerobic digestion
Feedstock of the process

The most important initial issue when considering the application of anaerobic digestion systems is the feedstock to the process. Anaerobic digesters typically can accept any biodegradable material, but the level of biodegradability is the key factor for its successful application. Substrate composition is a major factor in determining the methane yield and methane production rates from the digestion of biomass. Techniques are available to determine the compositional characteristics of the feedstock, whilst parameters such as solids, elemental and organic analyses are important for digester design and operation. Anaerobes can breakdown material to varying degrees of success from readily in the case of short chain hydrocarbons such as sugars, to over longer periods of time in the case of cellulose and hemicellulose. Anaerobic microorganisms are unable to break down long chain woody molecules such as lignin. 

A second consideration related to the feedstock is its moisture content. The wetter the material the more suitable it will be to handling with standard pumps instead of energy intensive concrete pumps and physical means of movement. Also the wetter the material, the more volume and area it takes up relative to the levels of gas that are produced. The moisture content of the target feedstock will also affect what type of system is applied for its treatment. In order to use a high solids anaerobic digester for dilute feedstocks, bulking agents such as compost should be applied to increase the solid content of the input material. Another key consideration is the C:N ratio of the solid waste that is subjected to anaerobic digestion. This ratio is the balance of food a microbe requires in order to grown. The optimal C:N ratio is estimated to be 20–30.
The level of contamination of the feedstock solid waste is another key parameter. If the feedstock to the digesters contains significant quantities of contaminants such as plastic, glass or metals, then pre-processing is required in order for the material to be used. If it is not removed then the digesters can be blocked and will not function efficiently. 

Technology of anaerobic digestion
Anaerobic digesters can be designed and operate, using a number of different process configurations:

· Batch or continuous 

· Temperature: Mesophilic or thermophilic 

· Solids content: High solids or low solids 

· Complexity: Single stage or multistage 

Batch or continuous
A batch system is the simplest form of digestion technology. Biomass is added to the reactor at the start of the process in a batch and is sealed for the duration of the process. Batch reactors may produce odour that can be a severe problem when they are emptied. Typically biogas production will be formed with a normal distribution pattern over time. As the batch digestion is simple and requires less equipment and lower levels of design work it is typically a cheaper form of digestion.

In continuous digestion processes, organic matter is constantly or added in stages to the reactor. The end products are constantly or periodically removed, resulting in constant production of biogas. Examples of this type of anaerobic digesters include:

· Continuous stirred-tank reactors (CSTRs)
· Upflow anaerobic sludge blanket (UASB)
· Expanded granular sludge bed (EGSB) 
· Internal circulation reactors (IC). 
Temperature
There are two conventional operational temperature levels for anaerobic digesters, which are determined by the species of methanogens that are present in the digesters: 
· Mesophilic species which develop optimally at temperatures from 37°- 41°C or at ambient temperatures between 20°- 45°C, where mesophiles are the primary microorganism present 

· Thermophilic species which develop optimally at temperatures in the range of  50° -52° at elevated temperatures up to 70°C, where thermophiles are the primary microorganisms present 

There are a greater number of species of mesophiles than thermophiles. These bacteria are also more tolerant to changes of the environmental conditions than thermophiles. Mesophilic systems are therefore considered to be more stable than thermophilic digestion systems.

As mentioned above, thermophilic digestion systems are considered to be less stable, however the increased temperatures facilitate faster reaction rates and hence faster gas yields. Operation at higher temperatures facilitates greater sterilisation of the end digestate. In countries where legislation requires end products to meet certain levels of reduction in the amount of bacteria in the output material, this may be a benefit.
Solids
Typically there are two different operational parameters associated with the solids content of the feedstock to the digesters:

· High-solids 

· Low-solids 

Digesters can either be designed to operate in a high solids content, with a total suspended solids (TSS) concentration higher than 20%, or in a low solids concentration less than ~15%. 
High-solids digesters process a thick slurry that requires more energy input to move and process the feedstock. The thickness of the material may also lead to associated problems with abrasion. High-solids digesters will typically have a lower land requirement due to the lower volumes associated with the moisture.

Low-solids digesters can transport material through the system using standard pumps that require significantly lower energy input. Low-solids digesters require a larger amount of land than high-solids due to the increase volumes associated with the increased liquid: feedstock ratio of the digesters. There are benefits associated with operation in a liquid environment as it enables more thorough circulation of materials and contact between the bacteria and their food. This enables the bacteria to more readily access the substances they are feeding off and increases the speed of gas yields.

Number of process stages
Digestion systems can be configured with different levels of complexity: 
· One-stage or single-stage 

· Two-stage or multistage 

By applying a single-stage digestion system, all of the biological/biochemical actions occur within a single sealed reactor or holding tank. Utilising a single stage reduces construction costs, however facilitates less control of the reactions occurring within the system. Acidogenic bacteria, through the production of acids, reduce the pH of the tank. Methanogenic bacteria, as described previously, operate in a strictly defined pH range. Therefore the biological reactions of the different species in a single stage reactor can be in direct competition with each other. 

In a two-stage or multi-stage digestion system, different digestion vessels are optimised to bring maximum control over the bacterial populations living within the digesters. Acidogenic bacteria produce organic acids and more quickly grow and reproduce than methanogenic bacteria. Methanogenic bacteria require stable pH and temperature in order to optimise their performance. 
Typically hydrolysis, acetogenesis and acidogenesis occur within the first reaction vessel. The organic material is then heated to the required operational temperature (either mesophilic or thermophilic) prior to being pumped into a methanogenic reactor. The initial hydrolysis or acidogenesis tanks prior to the methanogenic reactor can provide a buffer to the rate at which feedstock is added. 



Two-stage, low-solids, UASB digester 
Residence
The residence time in an anaerobic digestion system varies with the amount and type of feed material, the configuration of the digestion system and whether it be one-stage or two-stage.

In the case of single-stage thermophilic digestion residence time is about 14 days, which comparatively to mesophilic digestion is relatively fast. The plug-flow nature of some of these systems will mean that the full degradation of the material may not have been realised in this timescale. In this case, the solid end product - digestate may be darker in colour and have more odour.

In two-stage mesophilic digestion, residence time varies from 15 to 40 days. In the case of mesophilic UASB digestion hydraulic residence times can be 1hour-1day and solid retention times can be up to 90 days. Continuous digesters have mechanical or hydraulic devices, depending on the level of solids in the material, to mix the contents enabling the bacteria and the food to be in contact. They also allow excess material to be continuously extracted to maintain a reasonably constant volume within the digestion tanks.

Products
There are three principal products of anaerobic digestion: biogas, solid end product - digestate and water. 
Biogas
The produced biogas contains mainly methane at concentrations between 50 – 75%, carbon dioxide at concentrations from 25 – 50% and other gases in very lower quantities, as presented below.
	Typical composition of biogas

	Matter
	 %

	Methane, CH4
	50-75

	Carbon dioxide, CO2
	25-50

	Nitrogen, N2
	0-10

	Hydrogen, H2
	0-1

	Hydrogen sulfide, H2S
	0-3

	Oxygen, O2
	0-2



Most of the biogas is produced during the middle of the digestion, after the bacterial population has grown, and tapers off as the putrescible material is exhausted. The gas is normally stored on top of the digester in an inflatable gas bubble or extracted and stored next to the facility in a gas holder.

The methane in biogas can be burned to produce both heat and electricity, usually with a reciprocating engine or microturbinecogeneration often in a  arrangement where the electricity and waste heat generated are used to warm the digesters or to heat buildings. Excess electricity can be sold to suppliers or put into the local grid. Electricity produced by anaerobic digesters is considered to be renewable energy. Biogas does not contribute to increasing atmospheric carbon dioxide concentrations because the gas is not released directly into the atmosphere and the carbon dioxide comes from an organic source with a short carbon cycle.

Biogas may require treatment to refine it for use as a fuel. Hydrogen sulfide is a toxic product formed from sulfates in the feedstock and is released as a trace component of the biogas. Environmental legislation puts strict limits on the levels of gases containing hydrogen sulfide, and if the levels of hydrogen sulfide in the gas are high, gas scrubbing and cleaning is needed.
Digestate
Digestate is the solid end product of the process and contains raw organic material that can not be used by the microorganisms and the bacteria. It also consists of the mineralised remains of the dead bacteria from within the digesters. Digestate can come in three forms; fibrous, liquor or a sludge-based combination of the two fractions. In two-stage systems the different forms of digestate come from different digestion tanks. In single stage digestion systems the two fractions will be combined and if desired separated by further processing. 

The acidogenic digestate is a stable organic material comprised largely of lignin and cellulose, but also of a variety of mineral components in a matrix of dead bacterial cells. The material resembles domestic compost and can be used as compost or to make low grade building products such as fibreboard.  The methanogenic digestate is rich in nutrients and can be used as a fertiliser dependent on the quality of the material being digested. Levels of potentially toxic elements should be chemically assessed. This will be dependent upon the quality of the original feedstock. 

Digestate typically contains elements such as lignin that cannot be broken down by the anaerobic microorganisms. Also the digestate may contain ammonia that is phytotoxic. For these two reasons a maturation or composting stage may be employed after digestion. Lignin and other materials are available for degradation by aerobic microorganisms such as fungi helping reduce the overall volume of the material for transport. During this maturation the ammonia will be broken down into nitrates, improving the fertility of the material and making it more suitable as a soil improver. Large composting stages are typically used by dry anaerobic digestion technologies.
Wastewater
The final output from anaerobic digestion systems is water. This water originates both from the moisture content of the raw solid waste that is treated but also includes water produced during the microbial reactions in the digestion systems. This water may be released from the dewatering of the digestate or may be implicitly separate from the digestate. The wastewater typically contains high levels of organic matter which is mainly not biodegradable. As a result, further treatment of the wastewater is often required. 

THERMAL TREATMENT TECHNOLOGIES
A. INCINERATION
The incineration (combustion) of carbon-based materials in an oxygen-rich environment (greater than stoichiometric), typically at temperatures higher than 850o, producing a waste gas composed primarily of carbon dioxide (CO2) and water (H2O). Other air emissions are nitrogen oxides, sulphur dioxide, etc. The inorganic content of the waste is converted to ash. 
The object of this thermal treatment method is the reduction of the volume of the waste with simultaneous utilization of the contained energy. The recovered energy could be used for:
· heating
· steam production
· electric energy production
The typical amount of net energy that can be produced per ton of domestic waste is about 0.7 MWh of electricity and 2 MWh of district heating. Thus, incinerating about 600 tonnes of waste per day, about 17 MW of electrical power and 1200 MWh district heating could be produced each day.

The method could be applied for the treatment of mixed solid waste as well as for the treatment of pre-selected waste. It can reduce the volume of the municipal solid waste by 90% and its weight by 75%. The incineration technology is viable for the thermal treatment of high quantities of solid waste (more than 100.000 tn/year).
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A schematic diagram of incineration process

Types of incinerators
There are various types of incinerators such as moving grate, fixed grate, rotary-kiln, fluidised bed etc.
Moving grate
The typical incineration plant for domestic solid waste is a moving grate incinerator. The moving grate enables the movement of waste through the combustion chamber to be optimised to allow a more efficient and complete combustion. A single moving grate boiler can handle up to 35 tonnes of waste per hour, and can operate 8,000 hours per year with only one scheduled stop for inspection and maintenance of about one month's duration. Moving grate incinerators are sometimes referred to as Municipal Solid Waste Incinerators (MSWIs).

The waste is introduced by a waste crane through the "throat" at one end of the grate, from where it moves down over the descending grate to the ash pit in the other end. Here the ash is removed through a water lock.


Part of the combustion air (primary combustion air) is supplied through the grate from below. This air flow also has the purpose of cooling the grate itself. Cooling is important for the mechanical strength of the grate, and many moving grates are also water cooled internally.

Secondary combustion air is supplied into the boiler at high speed through nozzles over the grate. It facilitates complete combustion of the flue gases by introducing turbulence for better mixing and by ensuring a surplus of oxygen. In multiple/stepped hearth incinerators, the secondary combustion air is introduced in a separate chamber downstream the primary combustion chamber.

According to the European Waste Incineration Directive, incineration plants must be designed to ensure that the flue gases reach a temperature of at least 850 °C for 2 seconds in order to ensure proper breakdown of organic toxins. In order to comply with this at all times, it is required to install backup auxiliary burners (often fueled by oil), which are fired into the boiler in case the heating value of the waste becomes too low to reach this temperature alone.

The flue gases are then cooled in the superheaters, where the heat is transferred to steam, heating the steam to typically 400 °C at a pressure of 40 bar for the electricity generation in the turbine. At this point, the flue gas has a temperature of around 200 °C, and is passed to the flue gas cleaning system.

Often incineration plants consist of several separate 'boiler lines' (boilers and flue gas treatment plants), so that waste receival can continue at one boiler line while the others are subject to revision.

Fixed grate
The older and simpler type of incinerator was a brick-lined cell with a fixed metal grate over a lower ash pit, with one opening in the top or side for loading and another opening in the side for removing incombustible solids called clinkers.

Rotary-kiln
The rotary kiln incinerator is applied by municipalities and by large industrial plants. This type of incinerator have two chambers, a primary chamber and secondary chamber. The primary chamber consists of an inclined refractory lined cylindrical tube. Movement of the cylinder on its axis facilitates movement of waste. In the primary chamber, there is conversion of solid fraction to gases, through volatilization, destructive distillation and partial combustion reactions. The secondary chamber is necessary to complete gas phase combustion reactions

The clinkers spill out at the end of the cylinder. A tall flue gas stack, fan, or steam jet supplies the needed draft. Ash drops through the grate, but many particles are carried along with the hot gases. The particles and any combustible gases may be combusted in an "afterburner".

Fluidized bed
According to the technology that is applied for this type of incinerator, a strong airflow is forced through a sandbed. The air seeps through the sand until a point is reached where the sand particles separate to let the air through and mixing and churning occurs, thus a fluidised bed is created and fuel and waste can now be introduced.

The sand with the pre-treated waste and/or fuel is kept suspended on pumped air currents and takes on a fluid-like character. The bed is thereby violently mixed and agitated keeping small inert particles and air in a fluid-like state. This allows all of the mass of waste, fuel and sand to be fully circulated through the furnace.

Air emissions
The generated air emissions contain the typical combustion products (CO, CO2, NOx, SO2), excess of oxygen, dust particles as well as other compounds. The presence and the concentration of other compounds, such as ΗCl, HF, suspended particles which contain heavy metals, dioxins and furans, depend on the composition of the waste that is subjected to incineration. During incineration, a quantity of 4.000 - 5.000 m3 of air emissions is generated per ton of waste. 
Air emissions must be controlled by applying appropriate anti-pollution systems such as:

· Filter bags
· Electrostatic filters 

· Cyclones
· Wet cleaning systems e.g. scrubbers, wet cleaning towers, rotate sprayers etc.

Wastewater
Wastewater is generated by the use of water during the incineration process and in particular:

· extinguishing of ash (0,1 m3 of water/tn of waste)
· Cooling of air gasses (2 m3 of water/tn of waste)
· Wet absorbance towers (2 m3 of water/tn of waste)
· Electrostatic filters (precipitators) 
The wastewater stream contains suspended solids as well as dissolved organic and inorganic substances. It is characterized as hazardous wastewater and specific treatment is required prior to its final disposal.

Solid residues: 
The secondary solid residues that are generated during incineration can be categorized as follows:

· Fly ash: It is the lightest fraction of the generated solid residues and is collected by the appropriate filters (bag filters or electrostatic filters). The fly ash contains high concentrations of heavy metals and is characterized as hazardous waste stream.
· Bottom ash: It is the residue of the incineration process (inorganic matter) and is collected at the bottom of the incinerator
· Boiler ash
· Filter dust
· Other solid residues generated during the air emissions cleaning 
The solid residues stream must be treated before its final disposal while a main portion of their quantities could be recycled by applying specific processes.

B. GASIFICATION
Gasification is the thermal process that converts carbon-containing materials, such as coal, petcoke, biomass, sludge, domestic solid waste to a syngas which can then be used to produce electric power, valuable products, such as chemicals, fertilizers, substitute natural gas, hydrogen, steam, and transportation fuels. Gasification is a partial oxidation process which produces a composite gas (syngas) comprised primarily of hydrogen (H2) and carbon monoxide (CO). It is not a complete oxidation (combustion) process, which produces primarily thermal energy (heat) and solid waste, air pollutants (NOx and SO2), and carbon dioxide (CO2).
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A schematic diagram of gasification process

A) Feedstock

Gasification enables the capture — in an environmentally beneficial manner — of the remaining “value” present in a variety of low-grade hydrocarbon materials (“feedstocks”) that would otherwise have minimal or even negative economic value. Gasifiers can be designed to run on a single material or a blend of feedstocks: Solids: All types of coal and petroleum coke (a low value byproduct of refining) and biomass, such as wood waste, agricultural waste, and household waste. Liquids: Liquid refinery residuals (including asphalts, bitumen, and other oil sands residues) and liquid wastes from chemical plants and

refineries. Gas: Natural gas or refinery/chemical off-gas.

B) Gasifier

 The core of the gasification system is the gasifier, a pressurized vessel where the feed material reacts with oxygen (or air) and steam at high temperatures. There are several basic gasifier designs, distinguished by the use of wet or dry feed, the use of air or oxygen, the reactor’s flow direction (up-flow, downflow, or circulating), and the gas cooling process. Currently, gasifiers are capable of handling up to 3,000 tons/day of feedstock throughput and this will increase in the near future. After being ground into very small particles — or fed directly (if a gas or liquid) — the feedstock is injected into the gasifier, along with a controlled amount of air or oxygen and steam. Temperatures in a gasifier range from 1,400-2,800 degrees Fahrenheit. The heat and pressure inside the gasifier break apart the chemical bonds of the feedstock, forming syngas. The syngas consists primarily of H2 and CO and, depending upon the specific gasification technology, smaller quantities of CH4, CO2, H2S, and water vapor. Syngas can be combusted to produce electric power and steam or used as a building block for a variety of chemicals and fuels. Syngas generally has a heating value of 250-300 Btu/scf, compared to natural gas at approximately 1,000 BTU/scf. Typically, 70–85% of the carbon in the feedstock is converted into the syngas. The ratio of carbon monoxide to hydrogen depends in part upon the hydrogen and carbon content of the feedstock and the type of gasifier used

C) Oxygen plant

Most gasification systems use almost pure oxygen (as opposed to air) to help facilitate the reaction in the gasifier. This oxygen (95–99% purity) is generated in a plant using proven cryogenic technology. The oxygen is then fed into the gasifier through separate co-feed ports in the feed injector.
D) Gas Clean-Up

The raw syngas produced in the gasifier contains trace levels of impurities that must be removed prior to its ultimate use. After the gas is cooled, the trace minerals, particulates, sulfur, mercury, and unconverted carbon are removed to very low levels using commercially proven cleaning processes common to the chemical and refining industries.

For feeds (such as coal) containing mercury, more than 95% of the mercury can be removed from the syngas using relatively small and commercially available activated carbon beds.

E) By-products

Most solid and liquid feed gasifiers produce a glass-like byproduct called slag, which is non-hazardous and can be used in roadbed construction or in roofing materials. Also, in most gasification plants, more than 99% of the sulfur is removed and recovered either as elemental sulfur or sulfuric acid

Hydrogen and carbon monoxide, the major components of syngas, are the basic building blocks of a number of other products, such as chemicals and fertilizers. In addition, a gasification plant can be designed to produce more than one product at a time (co-production or “polygeneration”), such as the production of electricity, steam, and chemicals (e.g., methanol or ammonia). This polygeneration flexibility allows a facility to increase its efficiency and improve the economics of its operations.

C. PYROLYSIS
Pyrolysis is the thermal degradation of carbon-based materials through the use of an indirect, external source of heat, typically at temperatures of 450 to 750°C, in the absence or almost complete absence of free oxygen. This drives off the volatile portions of the organic materials, resulting in a syngas composed primarily of hydrogen (H2), carbon monoxide (CO, CO2, CH4, and complex hydrocarbons). The syngas can be utilized in boilers, gas turbines or internal combustion engines to generate electricity. The balance of the organic materials that are not volatile are left as a char material. Inorganic materials form a bottom ash that requires disposal, although some pyrolysis ash can be used for manufacturing brick materials.
The products produced from pyrolysing materials are a solid residue and a synthetic gas (syngas) while some of the volatile components form tars and oils can be removed and reused. The solid residue (sometimes described as a char) is a combination of non-combustible materials and carbon. The syngas is a mixture of gases (combustible constituents include carbon monoxide, hydrogen, methane and a broad range of other VOCs). A proportion of these can be condensed to produce oils, waxes and tars. The syngas typically has a net calorific value (NCV) of between 10 and 20 MJ/Nm3. If required, the condensable fraction can be collected by cooling the syngas, potentially for use as a liquid fuel.


[image: image10]
A schematic diagram of gasification process

D. PLASMA GASIFICATION TECHNOLOGY
Mixed solid waste is shredded and fed into a reactor where an electric discharge similar to a lightning (the plasma) converts the organic fraction into synthesis gas and the inorganic fraction into molten slag. Typically temperatures are greater than 7,000°F achieving complete conversion of carbon-based materials, including tars, oils, and char, to syngas composed primarily of H2 and CO while the inorganic materials are converted to a solid, vitreous slag. The syngas can be utilized in boilers, gas turbines, or internal combustion engines to generate electricity while the slag is inert and can be used as gravel.

[image: image11]
A schematic diagram of plasma  process
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Molten slag pouring from plasma waste gasification reactor

Advantages of the process include: Good environmental performance, production of about 400 KWh net of electricity per tonne of waste treated, no by-products going to landfill.
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Final inert slag by-product can be used for construction

Disadvantages of the process include: Relatively high cost, high level of maintenance and, skilled labour required for operations.

Plasma gasification is an advanced gasification process which is performed in an oxygen-starved environment to decompose organic solid waste into its basic molecular structure. Plasma gasification does not combust the waste as incinerators do. It converts the organic waste into a fuel gas that still contains all the chemical and heat energy from the waste. Also, it converts the inorganic waste into an inert vitrified glass.
 
Electricity is fed to a torch, which has two electrodes, creating an arc. Inert gas is passed through the arc, heating the process gas to internal temperatures as high as 25,000 degrees Fahrenheit. The following diagram illustrates how the plasma torch operates. 
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The temperature a few feet from the torch can be as high as 5,000-8000oF. Because of these high temperatures the waste is completely destroyed and broken down into its basic elemental components. At these high temperatures all metals become molten and flow out the bottom of the reactor. Inorganics such as silica, soil, concrete, glass, gravel, etc. are vitrified into glass and flow out the bottom of the reactor. There is no ash remaining to go back to a landfill.

 
The plasma technology can be used for the thermal treatment of any type of waste. The only variable is the amount of energy that it takes to destroy the waste. Consequently, no sorting of waste is necessary and any type of waste, except nuclear waste, can be processed. 


The plasma reactor operates at a slightly negative pressure, meaning that the feed system is simplified because the gas does not want to escape. The gas has to be pulled from the reactor by the suction of the compressor. Because of the size and the negative pressure, the feed system can handle bundles of material up to 1 meter in size. This means that sizeable waste can be fed directly into the reactor and pre-processing of the waste is not needed. Also, the performance of the plasma gasifier is not affected by the moisture of the waste (during incineration, the moisture of waste consumes energy to vaporize and can impact the capacity and economics of the process).[image: image15][image: image16][image: image17]
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