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1. SEEKING SOLUTIONS TO ENERGY CRISIS: CAN WASTE-TO-ENERGY TECHNOLOGY BE PROFITABLE?
The severe energy crisis that humanity has been experiencing in the last decade is becoming even more significant in the face of the global financial crisis. Today, oil and natural gas do account for an overwhelming 88% of the global energy needs; nuclear energy and other renewable energy sources make up the rest (12%). The price of an oil barrel has jumped up more than 500% over the last 15 years, from $25 USD/oil barrel in the early 90’s to $145 USD/oil barrel in August 2008, settling around $100 USD/barrel for the time being. The actual global production of around 80,000,000 barrels per day (an all-time high) is struggling to fulfill the global daily needs for oil and on that note it is widely expected that the global oil need will surpass the oil production by 2015, the price reaching $200 USD/barrel by 2020. Moreover as global oil reserves are predicted to wane quickly after 2050, the general opinion that the hydrocarbon-based fuels will be replaced any time soon by other energy forms is without merit.

Research in finding other energy forms is currently ongoing; however the most pragmatic solution to this problem is to find other ways of generating hydrocarbon fuel and in this respect, pyrolysis of biomass (including pyrolysis of urban waste) is an environmentally-friendly and potentially money-making solution that addresses both urban waste treatment and hydrocarbon fuel generation at the same time.
Due to high living standards in developed countries, the generation of urban waste has been increasing steadily over the past decades to reach not-seen-before levels of almost 1 ton waste/per person annually; countries like USA or EU have to deal with as much as 2-3 billion tons of urban waste on annual basis (including waste from agricultural and food industry).

This waste offers only limtted recycling potential: typically 25-30% of waste is made up of recyclables (glass, plastic, metal) and inert materials; the rest consists of unrecyclable organic materials/fibres.

Urban waste management is today a global problem which remains unsolved by existing waste management technologies including waste-to-energy incineration plants regardless of colossal investments to the tune of

tens of billions Euros/year. The waste-to-energy incinerators, advertised as an ecological solution are not economical not only because of low heating value of urban waste but also because of high carbon dioxide and other toxic gas emissions (including carcinogens) which increase substantially the cost of these systems. the operational cost of waste-to-energy incinerators is estimated to be around 150-200 € per ton waste incinerated. their normal lifespan is 20 years, whereas the profitability is very low: for every ton waste incinerated only 550-600 KWH is gained (30-35 €, already included in operational cost).

The other remaining conventional solution, the use of “landfills” is not only a very expensive solution (most

landfilling sites do have fees that go as high as 100-120 €/ton waste), but also one that causes sharp ecological problems because of unrestrained gas emissions which are as high as 6 m3 of carbon dioxide CO2 and methane CH4 per ton waste deposited.

2. WASTE PYROLYSIS AS AN INNOVATIVE PROCESS IN DISPOSING WITH WASTE GENERATING PRECIOUS BIO-OILS AS THE END PRODUCT
2.1 WHAT IS BIOMASS PYROLYSIS?
Pyrolysis of urban waste (waste burning at 550-650 °C in the absence of oxygen) is today the only economic and ecological solution in dealing with urban waste. The pyrolysis process disintegrates the organic waste into hydrocarbon-based bio-oils, burning gases such as methane (CH4), hydrogen (H2), carbon mono- and dioxide (CO and CO2) and Tar, a useful material for construction industry.

One of more accurate description of the process is probably given by a world-renown Canadian scientist in this field, prof. P.Basu1 in his recent book "Biomass Gasification and Pyrolysis: Practical Design and Theory". Pyrolysis is a thermochemical decomposition of biomass/organic waste into a range of useful products, in the total absence of oxygen. During pyrolysis, large complex hydrocarbon molecules of biomass break down into

relatively smaller and simpler molecules of gas, liquid, and char as shown in Fig. 1.
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Figure 1. Process of decomposition of large hydrocarbon molecules into smaller ones during pyrolysis.
Pyrolysis involves heating biomass or organic waste in the absence of air or oxygen at a specified rate to a maximum temperature, known as the pyrolysis temperature, and holding it there for a specified time. The nature of its product depends on several factors, including pyrolysis temperature and heating rate.

The initial product of pyrolysis is made of condensable gases and solid char (or tar). The condensable gas may break down further into noncondensable gases (CO, CO2, H2, and CH4), liquid, and tar (Fig. 2).

From the chemistry viewpoint the pyrolysis process may be represented by a generic reaction such as this

[image: image2.jpg]C,H,0, (Biomass) —** 5 ¥, ,,C,H,0, +X ,,,C,H,0,
+H,0+C (char)




Figure 2. General presentation of a chemical breakdown during pyrolysis
The graphical interpretation of the above equation is shown in Fig.3.
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Figure 3. Graphical presentation of pyrolysis in a biomass particle
Several types of pyrolysis process are known today, distinguished from each-other on the basis of ratios between liquid, solid and gaseous end products. A very generic design of a pyrolysis system2 is shown in Fig.4.
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Figure 4. Technological design of a conventional pyrolysis system
Granulated biomass initially passes through the pyrolytic reactor and is vaporized into gaseous products, which go  through a cyclone that removes the char particles carried through by the gaseous mass. The condensable gasses are then condensed into liquid bio-oil after passing through the two-stage cooler, whereas the non-condensable gasses are recycled back into reactor in order to increase the process efficiency.

Slow Pyrolysis
Carbonization is a slow pyrolysis process, in which the production of charcoal or char is the primary goal. The biomass is heated slowly in the absence of oxygen to a relatively low temperature (~400 °C) over an extended

period of time. As such, it heats the biomass at a moderate rate to a moderate temperature (~600 °C). The distribution  of  products  between  liquid,  char,  and  gas  on  a  weight  basis  for  this  “slow”  pyrolysis  is

approximately 35%, 30%, and 35% respectively. The product residence time is on the order of several minutes.

Fast Pyrolysis
The primary goal of fast pyrolysis is to maximize the production of liquid or bio-oil. The biomass is heated so rapidly that it reaches the peak (pyrolysis) product of interest. The temperature for this process is between

500-550 °C. Under these conditions bio-oil yields of liquid, char, and gas are 75%, 12%, and 13% respectively.

Four important features of the fast pyrolysis process that help increase the liquid yield are: (1) very high

heating rate, (2) reaction temperature within the range of 450 to 600 °C, (3) short residence time (less than 3 s) of vapor in the reactor, and (4) rapid quenching of the product gas.

Flash Pyrolysis
In flash pyrolysis biomass is heated rapidly in the absence of oxygen to a relatively modest temperature range of 450 to 600 °C. The product, containing condensable and non-condensable gas, leaves the pyrolyzer within a

short residence time of 30 to 1500 milliseconds. Upon cooling, the condensable vapor is then condensed into a liquid fuel known as bio-oil. Such an operation increases the liquid yield while reducing the char production. A typical yield of bio-oil in flash pyrolysis is 75 to 78% of the total pyrolysis product.

2.2 PYROLYSIS IN CONVENTIONAL SYSTEMS: A NON-EFFICIENT PROCESS FROM ENERGY VIEWPOINT
Known and applied for several decades as gasification process for mineral coal, the pyrolysis of biomass for liquid bio-oil production did not start until early 90's. Even today, almost two decades later, bio-oil via pyrolysis represents a very small percentage compared to  fossil fuel production, just 2% of global oil production (1.5-1.75 million barrels of bio-oil are produced daily out of 80 millions in total), despite an abundance of a cheap and easily accessible biomass.

The main reason for the failure of bio-mass pyrolysis to be industrialized to the extent so it can successfully compete with fossil oil production is the extremely high energy requirement. It is estimated that energy transfer to the biomass particles needs to be in the order of 750-1000 W/cm2in order to enable breaking of chemical bonds. In order to achieve and maintain the needed temperatures for this heat transfer, the energy consumption is enormous even for a small size reactor. On this basis the energy consumption for a simple tubular reactor 3m long with a 0.3m diameter, having an inner surface of 28,260 cm2 (28260 x 0.75) would be in excess of 22,000 KWH.
This extremely high energy consumption in addition to the complicated reactor design increases substantially the cost of such systems rendering them inefficient for this purpose.
Secondly, the use of localized "gas burners" inside reactors to achieve pyrolysis temperatures does not allow for an even heat distribution and transfer inside the reactor, thus creating the so called "dead zones" where no pyrolysis occur. This is usually offset by decreasing the biomass flow rate, thus decreasing the process productivity.
3. PYROLYSIS IN MICROWAVE-ASSISTED PROACTIVE REACTORS CAN SET THE FOUNDATIONS OF A PROFITABLE BIO-OIL INDUSTRY
3.1 PROS AND CONS OF DIRECT MICROWAVE IRRADIATION OF BIOMASS
Microwave-assisted pyrolysis of biomass is not exactly new, as it started being applied over a decade ago in

order to offset the very high energy requirements of conventional systems. It did indeed achieve a drastic reduction in energy consumption because from the energy viewpoint, the consumption of microwave assisted systems is never more than 50 KWH. Further more it constitutes a very elegant and cost-effective system designs, from engineering viewpoint because the energy is being introduced remotely using simple microwave generators (Fig.5). However this technology has never reached commercial status for a very important reason: direct microwave irradiation of biomass/waste (using microwave-transparent reactors) cannot be used to conduct a thorough and uniform pyrolysis.

Due to the non-homogeneous nature of biomass/waste particles and very complex microwave-biomass particle

interactions, pyrolysis temperartures can be achieved only in few "spots" or small areas inside the pyrolytic reactor whereas the other reactor areas have temperatures up to several hundred °C below the pyrolysis temperature, practically imposing an extremely low efficiency on the process.
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FIGURE 5. General schematic of microwave-assisted pyrolysis system.
The only way to ensure a fast and efficient pyrolysis process is the development and use of Proactive Reactors as pyrolytic reactors.
3.2 MICROWAVE-ASSISTED PROACTIVE REACTORS AS PERFECT SOLUTION TO AN EFFICIENT AND COST EFFECTIVE PYROLYSIS OF BIOMASS
Proactive Reactors are microwave-assisted tubular reactors which can respond to microwave irradiation in such a way as to achieve very high temperatures within seconds. The reactor body consists of composite materials, very responsive to irradiation by microwaves, that allows them to achieve a uniform distribution of heat along the entire reactor length as shown clearly in Fig. 6.
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a) b)
FIGURE 6. a) Infrared image of a small scale Proactive Reactor (achieved inside the microwave chamber using an InfraRed camera)  that  clearly shows the uniform temperature of over 600 °C
throughout the reactor length; b) the same Proactive Reactor reaching a temperature of 1200 °C (microwave power used is only 30-50W).
Development of these reactors will solve permanently two major problems which affect pyrolysis technology today:

1. Pyrolysis temperatures will be easily achieved requiring an extremely small energy consumption, which is

estimated to be 3-5 KWH for a reactor 3m in length and 0.3m in diameter.

2. Heat  distribution  inside  the  reactor  will  be  instantaneous  and  very  uniform  because  the  uniform

temperatures along the entire reactor body will ensure that there are no "dead zones" inside the reactor. This very important achievement will allow us to increase the flow rate of biomass/waste as we can be sure of a very fast and efficient pyrolysis. Eventually processing of several tons per hour can be achieved.

Proactive Reactors do not exist on an industrial scale. The only prototype developed by G. Shore3 exists on a laboratory scale as shown in Figure 6. Development of a pilot prototype will be done by our research team. One of several possible reactor designs the basis of schematics shown in Fig.7 and Fig.8.
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Figure 7. Proactive Reactor positioned in the middle of a microwave room (2.5-3.0 m in length, 0.3 m in diameter).
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Figure 8. Pilot scale Proactive Reactor prototype schematics
Following the development of an optimized Proactive Reactor prototype, the development of an operational biomass/waste pyrolysis plant can happen in one of two Phases as described below.

4. PHASE I DEVELOPMENT
The successful implementation of working reactor prototypes will be followed by building a pilot pirolysis plant, a general schematic of which is shown in Fig.4. The plant will include a one-reactor pilot pirolysis system, that would be able to process up to 3 tons of urban waste per hour or 55 tons of waste per day (16,000 tons per year). This estimate is made on the basis of a 16-hour working day and 290-day working year.
Fast pyrolysis of biomass/waste will be employed (as described in Section 2.1) not only because of high

Waste-to-Liquid Conversion Ratio (up to 75%) but for the very fast processing time as well. However due to the small reactor design, the flowing rate of granulated waste will be kept at a moderate level until the optimized process conditions can be achieved. On these conditions the system is expected to handle easily one ton waste every 15-20 minutes (three tons per hour).

Plant components:

1. Landfill for storing the pyrolysable waste, that should have a sufficient area for storing 300-500 tons at a

time (2,000-2,500m2).

2. Pre-processing facility, where the waste selection process takes place. This will include the removal of inert

materials (stones, glass, metal) then cutting/grinding of the organic material which will be moisturized and homogenized before being loaded into the silos that feed the pyrolysis reactor.

3. Equipment
a) Waste Pre-treatment equipment

b) Pyrolysis reactor including accessories

c) Cooling towers for liquefaction of gasses from the pyrolysis process

d) Storage equipment for handling of gaseous biofuels, liquid biofuels and tar.

e) System accessories including optic fibers for temperature measurement, nitrogen or argon cylinders for flushing the system, various pumps etc.

4. Storage facilities for pyrolysis products (liquid bio-oil , tar and gasses).

The pilot plant structuring and development will follow the activities laid out in Table 1.

Research Lab Preparation months 1-3
Proactive Reactor Development months 1-6
Proactive Reactor Testing and Optimization (months 6-12)
Pyrolysis Plant Preparation
(site finding, equipment purchase etc)
months 3-10
Pyrolysis Plant Assembling months 8-12
Pyrolysis Plant Testing and Optimization (months 10-18)
Getting Ready for Start Up
2
4
6
8
10
12
14
16
18
Time (months)
Table 1. Pyrolysis plant structuring and activities in a timely manner (Phase I)
The estimated cost of this system would be approximately 2,000,000 €. The detailed financial plan for Phase 1 is shown in Appendix 1.

4.1 PHASE I PROFITABILITY
According to the figures shown in the previous section, once the process conditions are optimized the plant will be reaching the estimated processing capacity of 16,000 tons annually (operating for 290 days in a year). Using a Waste-to-Liquid Conversion Ratio of 60% (which is lower than the 75% generally accepted in industry, in order to create a 15% safety margin) our system would be able to generate approximately 9,600 tons (16,000 x 0.6) of liquid bio-fuels or 60,400 barrels per year (one barrel equals 159 liters).

The price of an bio-oil barrel is about 70% of that for fossil fuel (currently at approximately $100 USD, although it is estimated to go up considerably in years to come); in order to stay competitive in the market we propose to apply a safety margin of 10%, which will bring the price of our bio-oil barrel down to $60 USD. At this price the estimated gross profit would be approximately $3,624,000 USD (60,400 x $60 USD).

This represents only the minimum profit as the revenue derived from the sale of bio-tar generated in the process (3-3,500 tons) is not considered at this stage due to the lack of precise production figures (price of tar being in excess of $100 USD per ton). Tar is a very useful material in construction industry and also a rich source for the retrieval of heavy and/or rare metals (Co, Cd, Hg, Au, Ag etc).

4.2 PHASE I CAPITAL GROWTH
This will be achieved via two different ways:

1. The licensing of other companies, which will receive the rights to manufacture and use the same technology that we develop here in exchange for royalties.

2. Enlisting our company in a major Stock Exchange (after establishing a system working prototype and receiving patent rights). The capital growth would typically bring 5-10 times the initial capital. This is a

process which can normally start at the end of Phase I.

5. PHASE II DEVELOPMENT
1. The successful implementation of working reactor prototypes will be followed by building a pilot pirolysis plant, a general schematic of which is shown in Fig.4. The plant will include a two-reactor pilot pirolysis system or two separate one-reactor systems (this will be decided in time as it is very difficult for the present to assess the feasibility of each option).

Because of this, the processing capacity of the plant will be double of what is stated in Phase I. The two-

reactor plant would be able to process up to 6 tons of urban waste per hour or 110 tons of waste per day (32,000 tons per year). Again this estimate is made on the basis of a 16-hour working day and 290-day working year.
Whereas the plant components will remain the same as what is stated in Phase I development, the processing

and storage facilities, landfill surface, equipment etc., would have to be doubled in order to accommodate the increase in plant capacity and production level.

2. A separate pyrolysis system will be built in order to handle waste-motor oil and waste-food grade oil. fast pyrolysis of such waste oil is very beneficial because the waste oil consists of 99% hydrocarbons and therefore the generation of liquid bio-fuels via pyrolysis is extremely efficient (Waste-to-Liquid Conversion Ratio is up to 90%). According to our estimates up to 10,000 tons of such waste oils is generated in Albania every year.

The pyrolysis system will be simpler in this case because waste pre-handling facility will not be required as the waste oil can be flowed directly into the pyrolytic reactor.

3. Building a separate system for the pyrolysis of hazardous waste such as hospital waste, and also biohazardous and toxic waste (pesticides, herbicides, chemical waste etc). This kind of waste is very difficult to dispose of with other means. Gasification of such waste will be possible in Proactive Reactors at temperatures exceeding 1500 °C (easily achieved in our system). Although the end products (toxic gasses to a certain percentage) can not be commercialized, the development of such system would be beneficial for two reasons:

a) This technology would offer a much cheaper and better alternative to incineration of hazardous waste, an expensive and difficult process. Considerable profits can be made by undertaking hazardous waste disposal

contracts.

b) This application increases considerably the scope of applications and environmentally friendly nature of our

technology, a very important aspect when it comes to exercising two means of capital growth: license leasing and stock enlistment.

In a similar manner to Phase I, a list of timely activities for the development of the pilot plant is presented in Table 2.

Research Lab Preparation months 1-3
Proactive Reactor Development months 1-6
Proactive Reactor Testing and Optimization (months 6-12)
Pyrolysis Plant Preparation
(site finding, equipment purchase etc)
months 3-12
Two-Reactor System Assembling months 10-16

System testing and Optimization months 16-24
Waste Oil System Assembling months 10-16

System testing and Optimization months 16-24
Hazardous Waste System Assembling and Testing (months 16-24)
Getting Ready for Start Up
2
4
6
8
10
12
14
16
18

20
22
24

Time (months)
Table 2. Pyrolysis plant structuring and activities in a timely manner (Phase II)
The estimated cost of these systems would be approximately 5,000,000 €. The detailed financial plan for Phase II is shown in Appendix 2.

5.1 PHASE II PROFITABILITY
1. The production capacity increase by two times in Phase II will enable processing of 32,000 tons of waste annually (similar to Phase I calculations, both reactors will be assumed as operating in a 16-hour day for 290 days in a year).

Using a Waste-to-Liquid Conversion Ratio of 60% (which is lower than the 75% generally accepted in industry, in order to create a 15% safety margin) the plant would be able to generate approximately 19,200 tons (32,000 x 0.6) of liquid bio-fuels or 120,800 barrels per year (one barrel equals 159 liters).

Again considering that the price  of an bio-oil barrel is about 70% of that for fossil fuel (currently at approximately $100 USD, although it is estimated to go up considerably in years to come); in order to stay competitive in the market we propose to apply a safety margin of 10%, which will bring the price of our bio- oil barrel down to $60 USD. At this price the estimated gross profit would be approximately $7,248,000 USD (120,800 x $60 USD).

Again the sale of bio-tar generated in the process (6-7,000 tons) is not considered at this stage (price of tar

being in excess of $100 USD per ton). Tar is a very useful material in construction industry and also a rich source for the retrieval of heavy and/or rare metals (Co, Cd, Hg, Au, Ag etc).

2. Considerable profits would be made from the pyrolysis of waste mineral oil. An estimated amount of 10,000 tons per year can be collected from car garages and restaurant business operators in Albania and also neighboring Kosovo and  Montenegro. However unlike the urban waste, there is a fee involved in the collection of waste oil that can be as high as $100 USD per ton. The collection of 10,000 tons will therefore incur an expense of up to $1,000,000 USD.

A Waste oil-to-Liquid Fuel Conversion Ratio of up to 80% (down from the 90% accepted in industry because

of a 10% safety margin) would allow us to generate approximately 8,000 tons of bio-fuels through pyrolysis or 50,000 barrels. The bio-oil sale would bring approximately $3,000,000 USD (50,000 x $60 USD). The estimated profit would be around $2,000,000 USD.
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