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METHOD AND DEVICE FOR FUEL AND POWER GENERATION BY CLEAN

COMBUSTION OF ORGANIC WASTE MATERIAL

[0001] This application claims the benefit of the filing date of U.S. Provisional Patent

Application No. 61/419492, filed December 3, 2010, the contents of which is hereby

incorporated by reference.

FIELD OF THE INVENTION

[0002] The invention is generally directed to methods and systems for the production of fuel

and generation of power from solid waste sources. More specifically, the invention is related to

the use of organic waste material, such as organic waste including plastics and other municipal

waste materials, for the production of fuel.

BACKGROUND OF THE INVENTION

[0003] Fossil fuel resources are finite, and are widely expected to dwindle in the not too

distant future. As these resources become more scarce, the costs of extracting fuel will increase,

as well as the cost of the resource itself due to increased competition and demand. Such costs

are likely to put increased pressure on economies worldwide. Thus, fossil fuel utilization

presents potential issues to future energy security and financial interests. Alternative fuel

resources should be identified to limit reliance on fossil fuels.

[0004] In addition, the total amount of municipal solid waste (MSW) generated in the US

alone has increased by three-fold from 80 million to 250 million tons over the past 50 years. In

2008, 12% of this total was non-biodegradable polymers (plastics). Only 7% of these plastic

components are recycled, due to limited markets and limited consumer compliance. Solutions

are needed to address the issues of (a) continuously decreasing available landfill space, (b)

ubiquitous pollution problems (e.g., the Great Pacific Garbage Patch) and, (c) wasting such an

energy dense fossil-fuel-derived resource. Accordingly, it is important to eliminate or reduce

the amount of waste that ends up in the environment.

[0005] One potential way to eliminate organic waste is to incinerate it. Nonetheless,

conventional techniques of burning waste organic waste material tend to be harmful to the

environment and health of people. Another potential path to eliminating organic waste is to



convert it into fuel. Organic waste has a tremendous amount of stored energy. Direct

combustion of waste plastics, for instance, in waste incinerators releases their stored energy,

which is on the order of 46,000 kJ/kg, and is comparable to those of the premium fuels of

gasoline, diesel oil and natural gas. However, such conventional direct combustion techniques

lead to uncontrollable, inefficient energy production that also generates large amounts of health-

hazardous soot and hydrocarbons. This is demonstrated in Figure 2, where combustion of a

Styrofoam cup (polystyrene) releases soot and toxic fumes.

[0006] Therefore, there is a need for systems and methods for extraction of fuel and/or

energy from energy-dense solid organic waste materials, such as waste plastic, without releasing

dangerous and unhealthy compounds.

SUMMARY OF THE INVENTION

[0007] According to aspects of the present disclosure, methods and systems are disclosed to

achieve "clean burning" of solid organic waste materials, such as waste plastics, which are

derivatives of fossil fuels. The systems and methods disclosed herein both destroy the wastes

and produce either useful fuels or useful thermal energy. The systems and methods take

advantage of the benefits of indirect combustion of waste polymers, where organic waste

materials are converted to a liquid and/or a gas state prior to combustion (Figure 1). In

particular embodiments, the systems and methods eliminate waste plastics and the generate fuel

from these materials. In other embodiments, the systems and methods use a fraction of the

generated fuel to supply energy to the process and, thus, self-sustain it.

[0008] Aspects disclosed herein include a method of generating power from organic waste

materials. The method comprises the method comprises heating the organic waste material to

form a liquid and pyrolyzing the liquid to obtain one or more gaseous decomposition products.

The method further comprises mixing the one or more gaseous decomposition products with an

oxidizing gas to form a mixture and burning and igniting the mixture to produce thermal energy

a mixture of the one or more gaseous decomposition products with an oxidizing gas to produce

thermal energy. The method also entails generating power by utilizing the thermal energy.

[0009] In certain embodiments, pyrolyzing the liquid is performed in an inert atmosphere.

In other embodiments, the thermal energy is produced by a pre-mixed fuel-lean flame. In other

particular embodiments, the fuel-air equivalence ratio is less than 1. In particular embodiments,

a fraction of the heat generated by burning the mixture of the mixture is supplied as process heat

to perform liquefying and pyrolyzing processes of the disclosed methods.



[0010] In certain embodiments, the solid organic waste material is selected from the group

of common post-consumer polymers, polyethylene, polypropylene, and polystyrene. In some

embodiments, the organic waste material is selected from the group of common waste

biomasses, including woody biomass residues. In particular embodiments, the oxidizing gas is

oxygen.

[0011] In more particular embodiments, the methods further comprise collecting the one or

more gaseous decomposition products in a chamber. In some embodiments, a) through d) are

each performed in separate chambers. In certain embodiments, the chambers are positioned in a

vertical arrangement. In other embodiments, the chamber for performing a) is positioned above

the chamber for performing b), the chamber for performing b) is positioned above the chamber

for performing c), and the chamber for performing c) is positioned above the chamber for

performing d).

[0012] In certain embodiments, the methods further comprise pressurizing the interior of the

chamber for performing a) to a pressure higher than atmospheric pressure. In particular

embodiments, the chamber for performing a) is pressurized with an inert gas. In more particular

embodiments, the pressure in the chamber for performing a) is higher than the pressure in the

chamber for performing b), the pressure in the chamber for performing b) is higher than the

pressure in the chamber for performing c), and the pressure in the chamber for performing c) is

higher than the pressure in the chamber for performing d). In certain embodiments, generating

power comprises a turbine or any other heat engine that converts the thermal energy into power.

[0013] In some aspects, the methods further comprise mixing the one or more gaseous

decomposition products with an oxidizing gas to form the mixture.

[0014] Aspects of systems disclosed herein include a system for generating thermal energy

from solid organic waste material. The system comprises a liquefaction chamber having a first

inlet to receive an organic waste material feedstock, the liquefaction chamber being configured

to heat the organic waste material to produce a liquid. The system also comprises a pyrolysis

chamber having a second inlet to receive the liquid from the liquefaction chamber and a third

inlet to receive an inert gas, the pyrolysis chamber being configured to convert the liquid to one

or more gaseous decomposition products and a combustion chamber comprising a sixth inlet to

receive the mixture from the mixing chamber and an energy source to ignite the mixture to

produce thermal energy. In some aspects, the system comprises a mixing chamber comprising a

fourth inlet to receive the one or more gaseous decomposition products from the pyrolysis

chamber and a fifth inlet to receive an oxidizing gas to form a mixture.



[0015] In certain embodiments, the system further comprises a storage chamber configured

to receive and hold the organic waste material, the storage chamber being connected to the

liquefaction chamber to provide the organic waste material to the liquefaction chamber. In

particular embodiments, the system further comprises a fuel collection chamber having a

seventh inlet to receive one or more gasified pyrolyzates from the combustion chamber. In more

particular embodiments, the chambers are positioned in a vertical arrangement. In even more

particular embodiments, the storage chamber is positioned above the liquefaction chamber, the

liquefaction chamber is positioned above the pyrolysis chamber, the pyrolysis chamber is

positioned above the mixing chamber, and the mixing chamber is positioned above the

combustion chamber.

[0016] In certain embodiments, a fraction of the heat generated by the combustion chamber

is supplied as process heat to the pyrolysis and liquefaction chambers. In other embodiments,

the solid organic waste material feedstock is selected from the group of common post-consumer

polymers, including polyethylene, polypropylene, and polystyrene. In still other embodiments,

the oxidizing gas is oxygen.

[0017] In certain embodiments, the mixing chamber is a venturi. In other embodiments, the

mixing chamber mixes the one or more gaseous decomposition products and the oxidizing gas in

the absence of the inert gas. In further embodiments, the fifth inlet comprises a valve to control

the flow of the oxidizing gas into the mixing chamber. In still further embodiments, the second

inlet is sealed to reduce the introduction of atmospheric gases into the pyrolysis chamber.

[0018] In certain embodiments, the liquefaction chamber is pressurized to above

atmospheric pressure with an inert gas. In other embodiments, the liquefaction chamber has a

higher pressure than the pyrolysis chamber and the pyrolysis chamber has a higher pressure than

the mixing chamber and the mixing chamber has a higher pressure than the combustion

chamber.

[0019] In particular embodiments, the fourth and sixth inlets comprise one-way valves to

reduce backflow of the oxidizing gas into the pyrolysis chamber. In further embodiments, the

thermal energy is provided to a turbine or any other heat engine that converts the thermal

energy into power. In still further embodiments, the organic waste material is selected from the

group of common waste biomasses, including woody biomass residues. Such residues include

waste materials that have been generated by chipping, mulching, and or partial burning. In

addition, such residues can include cellulosic fibers. In other embodiments, the organic waste



material is selected from the group of common waste biomasses, including woody biomass

residues.

[0020] Aspects of methods disclosed herein also include a method of generating power from

solid organic waste materials. The method comprises pyrolyzing the solid organic waste

materials to obtain one or more gaseous decomposition products and mixing the one or more

gaseous decomposition products with an oxidizing gas to form a mixture. The method further

comprises igniting and burning the mixture to produce thermal energy and utilizing the thermal

energy to generate power.

[0021] In certain embodiments, the organic waste material is selected from the group of

common waste biomasses and woody biomass residues. In other embodiments, the oxidizing

gas is oxygen. In still other embodiments, the methods further comprise collecting the one or

more gaseous decomposition products in a chamber. In further embodiments, a) through c) are

each performed in separate chambers. In still further embodiments, the chambers are positioned

in a vertical arrangement. In particular embodiments, the chamber for performing a) is

positioned above the chamber for performing b), and the chamber for performing b) is

positioned above the chamber for performing c).

[0022] In more embodiments, the methods further comprise pressurizing the interior of the

chamber for performing a) to a pressure higher than atmospheric pressure. In particular

embodiments, the chamber for performing a) is pressurized with an inert gas. In still more

particular embodiments, the pressure in the chamber for performing a) is higher than the

pressure in the chamber for performing b), and the pressure in the chamber for performing b) is

higher than the pressure in the chamber for performing c).

[0023] In further embodiments, a fraction of the heat generated by burning the mixture of

the decomposition products with oxidizing gases is supplied as process heat to self-sustain the

liquefaction and pyrolysis processes. This allows for the systems and methods to be self-

sustaining.

DESCRIPTION OF THE FIGURES

[0024] The following figures are presented for the purpose of illustration only, and are not

intended to be limiting:



[0025] Figure 1 is an illustration of flames under different combustion conditions: far left

showing a sooty diffusion flame combusting solid waste and far right showing a clean flame

from pre-mixed gas/liquid material (see world wide web at cfbt-us dot com).

[0026] Figure 2 shows a photographic representation of the direct combustion of a

Styrofoam cup with the release of smoke and toxins.

[0027] Figure 3 shows a schematic depiction of a method of generating fuel and thermal

energy from organic waste materials.

[0028] Figure 4 is a schematic of a system comprising a compression chamber, a

liquefaction chamber, a pyrolysis chamber, and a combustion chamber organized in vertical

arrangement.

[0029] Figure 5 is a schematic of an embodiment of the disclosed systems.

[0030] Figure 6 is a schematic of a crucible, which acted as a model liquefaction chamber,

used during plastic melting experiments.

[0031] Figure 7 is a schematic of a crucible containing holes to allow release of melted

plastic for the crucible.

[0032] Figure 8 is a schematic showing a test system comprising a compression chamber

and a liquefaction chamber.

[0033] Figure 9 is a picture of an experimental system comprising a compression chamber

and a liquefaction chamber having 8 of 9 holes blocked.

[0034] Figure 10 is a picture of an experimental system comprising a compression chamber,

a liquefaction chamber, a pyrolysis chamber, and a Bunsen burner (acting as a combustion

element).



DETAILED DESCRIPTION OF THE INVENTION

1. General

[0035] According to aspects of the present disclosure, methods of generating power from

organic waste material are disclosed. The methods comprise heating solid organic waste

material to form a liquid and/or a gaseous fuel. Examples of organic waste materials include

plastics such as polyethylene, polypropylene, and polystyrene. In addition, other organic

polymers can be used to generate power so long as the organic polymers generate combustible

gaseous decomposition products and do not generate uncontrolled explosions. Furthermore, the

methods also comprise pyrolyzing the liquid to obtain one or more gaseous decomposition

products and combusting a mixture of the one or more gaseous decomposition products with an

oxidizing gas to produce thermal energy. In certain embodiments, the methods comprise

generating power by utilizing the thermal energy produced during the combustion of the

mixture.

[0036] An embodiment of the methods disclosed herein is shown in Figure 3 . The

corresponding device in Figure 3 consists of: (i) a storage chamber, (ii) a liquification chamber

where the solid organic waste materials are turned into a pool of liquid, (iii) a pyrolysis

chamber, where liquid fuel is introduced by pressure and or gravity and is then converted to

gaseous components, (iv) a mixing chamber where the gaseous pyrolyzates can be thoroughly

mixed with oxidizing gases under predetermined proportions, (v) a combustion chamber where

such premixed fuel and oxygen (i.e., oxidizing gas) mixtures burn completely in low-emission

premixed flames, and/or (vi) a container to collect gasified pyrolyzates for storage and later use.

[0037] In Figure 3, a storage chamber 100 is utilized for receipt and holding of the organic

waste material 190 (e.g., waste materials). When organic waste material 190 is placed into the

storage chamber, the organic waste material 190 is held in the storage container until it is moved

into the liquefaction chamber 110. The organic waste material 190 can be placed into the

storage container by any means, including front loaders, cranes, and manual loading.

[0038] The storage chamber 100 is connected to the liquefaction chamber 110 (Fig. 3). The

connection can be a chute, a hole, or an inlet, all of which can include a door or valve to regulate

the influx of new solid organic waste materials. In certain embodiments, upon filling the storage

chamber 100 through an opening, which is closed after receipt of organic waste material 190, an

inert gas flow 200 is turned on. The inert gas 200 fills the liquefaction chamber 110 and

pressurizes the chamber. The gas also displaces the oxygen and other gases in the chamber. In



certain embodiments, the oxygen and atmospheric gases are expelled through an outlet that is

regulated by a one-way valve. The contents in the storage chamber 100 are allowed to fall into

the liquefaction chamber 110 through a butterfly (flip-flop) valve. Such valves are well known

in the art. Once the solid organic waste material is in the liquefaction chamber, the organic

waste material is heated to its melting point. In the case of mixed organic waste materials, the

liquefaction chamber 110 is heated to the highest temperature necessary to liquefy all of the

contents in the chamber to form liquefied fuels 230. The liquefaction chamber 110 liquefies the

organic waste materials in an inert gas. The liquefaction chamber 110 should be made of

materials that can withstand temperatures of at least 350 °C. For example, melting of common

commercial grades of medium- and high-density polyethylene commences at temperatures of

130 °C. , and polymers (such as polyethylene, polypropylene, polystyrene, etc.) can liquefy

completely at temperatures in the range of 300-400 °C.

[0039] In aspects of the methods disclosed herein, the liquefaction chamber 110 then feeds

liquid material to the pyro lysis chamber 120 at a controlled rate, as the liquefaction chamber 110

is under regulated pressure. For instance, the liquefaction chamber 110 is at a higher pressure

than the pyro lysis chamber 120 so that the liquefied organic waste material is forced into the

pyrolysis chamber 120. Thus, a liquid pool of organic waste material is pressurized by nitrogen

in a capped chamber that forces the liquid into the pyrolysis chamber 120 because the pyrolysis

chamber 120 is pressurized at a lower pressure than the liquefaction chamber 110. In

embodiments having a mixing chamber 130, the mixing chamber 130 is maintained at a lower

pressure than the pyrolyzing chamber 120. The combustion chamber 140 is maintained at the

lowest pressure in the system, near atmospheric pressure. This pressure gradient ensures the

flow of organic waste material in the system from the storage chamber to the combustion

chamber 140.

[0040] In certain embodiments, there is a safety system in place between each chamber in

the event of backpressure occurring. The safety system includes alarms and a safety shutoff to

close valves, thereby stopping the flow of organic waste material in the system. Such systems

are known in the art and are within the scope of the systems disclosed herein.

[0041] Returning to the method shown in Figure 3, the pyrolyzed fuel 150 (gaseous

hydrocarbons, i.e., pyrolyzates or alternatively named "gaseous decomposition products") can

either be collected in a fuel collector 160 and used as either a gaseous synthesis gas or burned to

generate thermal energy (heat) 170 in the combustion chamber 140. In Figure 3, the gaseous

decomposition products 150 are sent through a mixing chamber 130 {i.e., the venturi) to mix the



products 150 with oxidizing gas 180 to form a mixture 210 prior to arriving at the combustion

chamber 140. In the case, the pyrolyzates 150 are mixed with controlled amounts of an

oxidizing gas 180 to form a clean-burning, premixed flame. Such oxidizing gases can be

supplied through dedicated inlets that have valves that allow for the control of oxidizing gas into

the mixing chamber 130 (i.e., the venturi). In some embodiments, the oxidizing gas can be

oxygen. The oxygen can be supplied from commercial sources or from the atmosphere.

[0042] In certain embodiments, the flame generated in the combustion chamber 140 is a

fuel-lean flame. As used herein, the term "fuel-lean" means a mixture of fuel and oxidizing gas

where an excess of oxidizing gas exists as compared to fuel. In some embodiments, the fuel-

oxidizing gas equivalence ratio is less than 1.

[0043] Additionally, as depicted in Figure 3, excess energy produced from the combustion

chamber 140 is used to heat other chambers in the system. This is process heat 220. Figure 3

shows that systems practicing the methods disclosed herein can be vertically arranged,

"stacked," to allow for rising process heat 220 to heat the upper chambers of the system 10. As

used herein, the "process heat" means thermal energy released in a combustion chamber that is

internally used by the system. This is typically a small fraction of the total energy released in

the combustion chamber 140. In the system, this process heat 220 flows in the opposite

direction to mass flow, which is guided by pressure and gravity. This process heat 220 supplies

thermal energy to the pyrolysis 120 and the liquefaction chambers 110. Use of insulation

surrounding the chambers minimizes heat loss to the environment. In some embodiments, the

chambers are all located in a single housing and the insulation covers surfaces on the inside of

the housing. In addition, the insulation can be used to insulate pipes and vents moving heated

organic waste materials, such as waste plastics, from one chamber to another. Insulation can

also be used to insulate pipes or vents used to distribute process heat from the combustion

chamber to the other chambers in the system. Exemplary insulation includes calcium silicate

insulation, such as Thermo-12® (Industrial Insulation Sales, Inc., Buffalo, NY), perlite

insulation, such as Temperlite® 1200° Thermal Insulation (Industrial Insulation Sales, Inc.,

Buffalo, NY), and asbestos insulation.

[0044] The methods disclosed herein can be initialized by providing an energy source. For

instance, the energy source can be burning natural gas at the bottom of the system to heat the

combustion chamber 140 to get the process started. The heat can also be supplied by an

electrical means, such as electrical heat or a spark to ignite fuel heat.



[0045] Some of the energy released in the combustion of the organic waste material, for

example, waste plastics, can be used to heat the pyrolysis and the liquefaction chambers, while

other fractions can be used to preheat the oxidizer gas and the inert gas. This is because a large

energy surplus occurs through the combustion process. The heat needed for pyrolysis of

polyethylene, for instance, is approximately 254 kJ/kg. Comparing this heat of pyrolysis to the

heating value (energy content) of such polymers, which are in the range of 44,000 - 46,000

kJ/kg, it is evident that only a small fraction of the thermal energy released during combustion

needs to be fed-back to pyrolyze the plastics. This leaves a large amount of thermal energy that

can be used for other purposes, such as generating steam and electricity.

[0046] Regarding electricity, the thermal energy can be provided to a plant for the

production of electricity by the use of turbine technology or other heat engine. In some

embodiments, the system is part of a power plant. In these embodiments, the system is provided

with organic waste materials, for instance, waste materials, using a continuous feeding system

that feeds the entire power plant with waste materials to allow for steady state production of

thermal energy.

[0047] In additional embodiments, the system 10 provides liquefied organic waste material

190 continuously to the pyrolysis chamber 120 from the liquefaction chamber 110 to prevent

oxygen or atmospheric gas from entering the pyrolysis chamber 120. The liquefied organic

waste material 230 acts to seal the pyrolysis chamber 120 from the liquefaction chamber 110.

[0048] The methods disclosed herein can be performed by systems useful for generating

thermal energy from organic waste material. The systems can comprise one or more chambers

that are interconnected to allow for the conversion of organic waste materials from solid into

gaseous fuels at the same time. Those fuels may be burned in heat engines to produce work, or

in furnaces to produce heat. Furthermore, the chambers can be composed of heat-resistant

materials such as steel, iron, copper, metal alloys, and ceramics.

[0049] Systems useful for practicing the methods are disclosed herein. Referring to the

schematic in Figure 3, the system 10 comprises a liquefaction chamber 110 having a first inlet to

receive an organic waste material 190. In some embodiments, the liquefaction chamber 110 is

configured to heat the organic waste material 190 to produce a liquid 230. In some

embodiments, the system 10 comprises a series of vents to capture and provide process heat 220

from the combustion chamber 140 to the liquefaction chamber 110 for the purpose of heating the

liquefaction chamber 110. In other embodiments, the liquefaction chamber 110 comprises a

heat source to heat the chamber 110.



[0050] The system also further comprise a pyrolysis chamber 120 having a second inlet to

receive the liquid fuel 230 from the liquefaction chamber 110 and a third inlet to receive an inert

gas. The pyrolysis chamber 120, in this embodiment, is configured to convert the liquid 230 to

one or more gaseous decomposition products 150. This is accomplished by receiving process

heat 220 from the combustion chamber 140 to heat the pyrolysis chamber 120. The pyrolysis

chamber gasifies the organic waste materials in an inert gas. The pyrolysis chamber should be

made of materials that can withstand temperatures of at least 900 °C. For example, polyethylene

gasifies nearly-completely at temperatures of 800 °C.

[0051] In additional aspects, there is a mixing chamber 130 (i.e., venturi) between the

pyrolysis chamber 120 and the combustion chamber 140. In certain embodiments, the mixing

chamber 130 comprises a fourth inlet to receive a fourth inlet to receive the one or more gaseous

decomposition products 150 from the pyrolysis chamber 120. The mixing chamber 130 can be

located adjacent to, beneath, or over the combustion chamber 140. The fourth inlet, in such

aspects, has a one-way valve to prevent oxidizing gas in the mixing chamber 130 from back

flowing into the pyrolysis chamber 140. The mixing chamber 130 also comprises a fifth inlet to

receive an oxidizing gas 180 to form a mixture 210 of the gaseous decomposition products 150

and oxidizing gas 180.

[0052] The system 10 further comprises a combustion chamber 140 that receives the mixture

210 through a sixth inlet. This inlet can have a one-way valve to prevent back flowing of the

mixture 210 to the mixing chamber 130. In certain embodiments, the combustion chamber 140

comprises an energy source to ignite the mixture 210 to produce thermal energy 170. The

thermal energy 170 is then vented through pipes or vents to a power plant or other heat engine.

[0053] In some embodiments, the systems disclosed herein sustain themselves by emitting

heat directionally to supply the pyrolysis and liquefaction chambers with process heat from the

combustion chamber. In such embodiments, this is facilitated by directing the gasified organic

waste material (i.e., pyrolyzate) to a certain location in the system, while the material is gasified

and heated (e.g., 800 °C). Once at the combustion chamber, the gas/oxidizing gas mixture is

combusted, which accommodates heating of the pyrolysis and liquefaction chambers. In certain

embodiments, the pyrolyzate is provided by a pipe from the pyrolysis chamber to the

combustion chamber. The pipe carries the pyrolyzate (i.e., pyrolyzed gas) directly to the

combustion chamber in one stream. In certain embodiments, the gas would be introduced to

oxygen at the combustion chamber. This allows for a very direct route to the combustion

chamber.



[0054] In other embodiments, a splitter is provided at the end of the pipe from the pyrolysis

chamber to the combustion chamber, to divide the fuels into portions for a) power generation,

and b) process heat generation for self-sustaining of the process.

[0055] In certain aspects of the systems disclosed, there is no mixing chamber. In these

embodiments, the combustion chamber comprises an additional inlet to allow oxidizing gas to

enter the combustion chamber. The combustion chamber, thus, receives the oxidizing gas and

the gaseous decomposition products to form the mixture.

[0056] Embodiments of the system include a compression chamber. The compression

chamber is situated on top of the liquefaction chamber and acts partially as a cap. The chamber

is pressurized by pumps with inert gas and has the highest pressure of all of the chambers in the

system. In these embodiments, pressure drives the flow of the plastic into the pyrolysis chamber

in a continuous manner.

[0057] Figure 4 discloses an example of a system 30 further comprising a compression

chamber 300. The compression chamber 300 includes a removable air-tight cap 305 and a

pressure gate 310. The compression system 300 in Figure 4 is a subsystem that attaches to the

top of the liquefaction chamber 310. The top of the compression chamber 300 has an air tight

removable cap 305 that one can remove to insert solid plastic that will then enter the system 30.

The cap 305 is resealed, and the initial chamber is pressurized to the same pressure as the

liquefaction chamber 310. The chamber 300 is to be pressurized with an inert gas (for example,

nitrogen) to rid the chamber of oxygen. The pressure gate 315 can be a butterfly gate, single trap

door, or double trap doors. The single trap door gate would be hinged at one side and rotate 90°.

The double trap door can consist of two gates, hinged at opposite sides that rotate 90°. Using a

butterfly gate once the initial chamber is pressurized, the pressure gate 315 (shown in Figure 4)

floor of the chamber rotates on the center axis and all of the waste plastic is poured into the

liquefaction pool below. The floor of the compression chamber 300 flips and drops all material

into liquefaction chamber to melt and to feed continuously the system with organic waste

material. The compression chamber 300 can maintain the set pressures to keep the system

running, and to safely prevent back pressure.

[0058] Once solid organic waster, such as plastic enters the compression chamber 300, the

cap 305 is sealed and the compression chamber 300 is pressurized. The waste drops through the

pressure gate 315 and proceeds to the liquefaction chamber 310. The liquefaction chamber 310

receives process heat generated by the combustion chamber 330. The liquefied organic material

350 descends to the pyrolysis chamber 320 for conversion into gaseous decomposition products



380. The products 380 escape (yellow arrows) through a pipe or vent to the combustion

chamber 330. Prior to reaching the combustion chamber 330, the products 380 are mixed with

oxidizing gases either at the combustion chamber 330 or in a mixing chamber 360. The mixture

then reaches the combustion chamber 330, where it is ignited and burned to produce thermal

energy. Some of this energy is process heat that is used to heat the pyrolysis 320 and

liquefaction 310 chambers. The rest of the thermal energy is used to generate power. In certain

embodiments, some of the gaseous decomposition products generated in the pyrolysis chamber

320 are diverted to a fuel chamber 340 for storage to await use in other processes.

[0059] Figure 5 shows a specific embodiment of the systems disclosed herein. In the

embodiment shown, the compression 400, liquefaction 410, and pyrolysis chambers 420 are

stacked. In this specific embodiment, insulation is provided to capture as much heat as possible

within the system 40. The heat is directed in a controlled manner from the hottest chamber

(combustion 430) at the bottom to the coolest chamber (compression 400) at the top. As shown

in Figure 5, each chamber is directly connected to the next in series, and the direction of flow is

as follows:

Compression chamber Liquefaction chamber Pyrolysis chamber Combustion chamber

[0060] In this embodiment, the pressure gradient is the opposite of the heat gradient, with

the highest pressure occurring in the compression chamber 400 and the lowest pressure

occurring in the combustion chamber 430 (see also Figure 3). Another reason for the stacking

shown in Figure 5 is to transfer the heat created from the combustion chamber to the pyrolysis

chamber 420 and then into the liquefaction chamber 410. The excess heat naturally rises to the

pyrolysis chamber 420 and keeps the plastic in liquefied form 440 and flowing. This creates a

sustainable heating method to keep the system going.

[0061] In this specific embodiment, external pumps keep the chambers at specific pressures,

and one way valves between the pyrolysis and combustion chamber keep oxygen in the

combustion chamber from reaching the pyrolysis chamber. The one-way valves can be ceramic

or metal (see, e.g., United States Patent Nos. 4,930,535 and 4,795,340). Because the

combustion chamber heats the pyrolysis chamber and in turn heats the liquefaction chamber, a

continuous flow in the system is desired to keep the combustion chamber active in producing

heat. Therefore, in this embodiment, the top chamber inserts the solid organic waste material

into the system to maintain a constant flow fuel.



2 . Calculations

[0062] The following calculations allow for easy identification of the parameters for the

disclosed systems.

2.1. Compression Chamber

[0063] The cylindrical outside walls of the liquefaction chamber and pressure chamber were

modeled as a rectangular fin with a uniform temperature surrounding with free convection

occurring. The temperature at the top of the fin was calculated using equation 1. The equation is

dependent on the convection coefficient (h), the length of the fin (L), the contact area (Ac), and

the thermal conductivity (k), and b is the difference in temperature from the base and the

temperature of the air.

Equation 1.

(T - T T - Τ ) = ( cos n ( - x ) + (h/mk)sinmCL - x) / Cc s L+ b ./ k sin L)

2.2. Pyrolysis Chamber

[0064] The temperature of the heated pyrolysis chamber was calculated using the equivalent

circuit method (Equation 2). The heat transfer by conduction from the combustion chamber as

well as the convection from the pyrolyzed plastic was taken into account to calculate the

temperature throughout the pyrolysis chamber.

q -

T T T3

kA,

(2)

2.3 Combustion Chamber

[0065] The following calculations can be used to determine the overall energy output of the

combustion chamber. The temperature of the combustion chamber cannot explicitly be used. In

this case, the calculations are based on the energy found in experimental chambers and



theoretical calculations based on the energy of combustion of plastic, which is 44 MJ/kg. The

basic equations were used as follows where Q is the thermal energy rate:

output Q r lis sd s Q r Qcombustion
(3)

[0066] The balanced chemical equation for the complete combustion of HDPE, which is

used to find the number of moles of each element, was found to be the following. This is needed

to determine the amount of nitrogen and enriched air needed in the system to ensure the

complete combustion of HDPE.

+ (¾ + 3.76¾) → 2 CO + Z O + 11.28¾
(4)

[0067] A flexible mathematical model was created using the equations above to calculate the

output energy of the system as well as temperatures throughout it depending on the dimensional

input of each chamber.

3 . Experimental

3.1. Stage 1

[0068] To test the concepts presented herein, a smaller version of the liquefaction chamber,

resembling a crucible, was constructed (Figure 6). This crucible 500 was machined out of spare

steel in the machine shop and an electric heating system 510 was wrapped around it to provide

sufficient heating. It was estimated that temperatures ranging from 115-150 °C would be needed

to liquefy plastic.

[0069] The objectives of Stage I were to observe whether or not plastic materials melt in the

crucible 500 evenly, eventually completely liquefying, and when it did liquefy, to determine

what temperature was needed to do so. To determine if it was necessary to purge the liquefaction

chamber and to determine if liquefied plastic reacts with the oxygen in ambient air or if nitrogen

was necessary, the experiment took place in ambient air in a fume hood to see if smoking or

gasifying occurred. Also, a watt-meter was used to determine the energy needed to melt the

plastic.

3.1.1. Equipment

• Steel crucible

• Electric heat wrap and insulation



• Watt meter

• Temperature probe and DAC

• Mass balance

• Wall outlets/power strip

• Stop watch

• Digital camera

• Plastic pellets and/or powder and/or plastic waste pieces

3.1.2. Experiment 1-Testing of Heat Wrap and Crucible of Melting Plastic

3.1.2. 1. Procedure and Results

[0070] The purpose of this test was to see if any of the three different types of plastic that

are being tested (polyethylene, polypropylene, and polystyrene) will liquefy and if so, at what

temperature they will do so. This test was done using a steel plate found in the Combustion

Laboratory in the Snell Engineering building at Northeastern University, This plate was

suspended over a Bunsen burner using a stand. The temperature probe was placed on the top of

the plate to obtain an average temperature of the steel plate. Once the stop watch was started,

polyethylene pellets were added to the top of the steel plate. All three types of plastic pellets

were observed to determine melting effectiveness and which plastics can be easily used in

project development.

[0071] Although polyethylene was the first plastic to be added to the plate, these pellets

melted and combined, but never liquefied over the duration of the experiment. The second type

of plastic added was the polystyrene pellets which are the least stable of the three kinds of

plastics. This plastic liquefied completely and quickly, as well as releasing high amounts of

pyrolysis gases when the plate was around 250 °C. Polypropylene was added next and was

found to melt easily as well and to liquefy completely.

3.1.2.2. Analysis

[0072] Polystyrene is the easiest to liquefy, although is the most unstable and masks were

needed during the experiment. It will be the plastic that will be used for the rest of the

experiments as this is the easiest to liquefy. Polypropylene was determined the second easiest to

melt, and polyethylene the hardest to melt. Polyethylene is the most stable and does not require

wearing masks during experiments.



3.1.2.3. Conclusion

[0073] This experiment was a success, as it was determined possible to liquefy plastic. It

was determined that high power output was required to liquefy the plastic in a faster time period

so as to minimize the reaction with the atmospheric air and to minimize burning. Another

hypothesis that was gathered from this experiment was the possibility of needing to preheat the

crucible before the plastic is added.

3.1.3. Experiment 2-Testing of Crucible Melting of Plastic

3.1.3.1. Procedure and Results

[0074] In this test, the Bunsen burner was used to pre-heat the crucible 500 which was then

placed into the same configuration as Experiment 1. Smaller amounts of the three plastic types

were used; approximately two grams of each plastic. The reasoning for the smaller amount of

plastic was to observe what changes are taking place close to the bottom of the crucible 500. The

temperature probe was placed in the center of the crucible again, on top of the plastic. The initial

temperature of the crucible 500 was taken to be 63°C.

[0075] First, polyethylene pellets were added to the crucible. At 26 minutes, the

polyethylene started to stabilize its temperature at 197 °C and no liquefying had taken place.

After 35 minutes in the crucible, the polyethylene was taken out and was observed to have the

same clay-like consistency seen in previous trials. At 37 minutes with the crucible at 2 11 °C,

polypropylene was added. After 3 minutes, at 212 °C, the polypropylene started to melt and after

5 minutes, had a gelatin-like consistency. Pyrolysis gases were observed coming from the

plastic. After 18 minutes in the crucible, the plastic had stabilized and did not liquefy. It was

then taken out of the crucible. The crucible was heated for 1 hour, 3 minutes and at 165 °C,

polystyrene was added. After only 3.5 minutes, the polystyrene was melting, although lots of gas

was produced. At the end of the test, polystyrene was observed be the most viscous in

comparison to the other plastics, but not enough to flow to another chamber, even at a maximum

temperature of 230 °C.

3.1.3.2. Analysis

[0076] Even though all three types of plastic were tested during the experiment, the plastics

did not liquefy or did not liquefy enough in order to flow through by gravity into the pyrolysis

chamber. Each plastic melts at different temperatures and changes to a sticky consistency.



Polypropylene and polystyrene melted enough to lose the shape of the pellets, although

differences between the plastics could be seen separately within the melted mixture.

3.1.3.3. Conclusion

[0077] This experiment disproves the hypothesis that the crucible only needed to be pre

heated and with the same 60-Watt heat wrap, be capable of melting plastic. There is also the

possibility that once the chamber has been pressurized, the liquefaction process will become

more successful and is still to be determined in Stage 2 of testing.

3 .1.4. Experiment 3-Testing of Crucible of Melting Plastic

3.1.4. 1. Procedure and Results

[0078] For this experiment, a heater with a higher temperature capacity and a power output

of 290 Watts was used. Pyrex glass containers were used for their ability to conduct heat easily

and their ability to withstand the necessary temperatures for the test. About 1 gram of each type

of plastic was used for this test, although more was added after the fact to determine what would

happen if a liquid pool was formed. The test was started when the Pyrex glass reached a

temperature of 245 °C and the polyethylene pellets were added.

[0079] At 1 minute, it was observed that the pellets had absorbed a significant amount of

heat and the temperature had dropped to 195 °C. After 2.5 minutes, the pellets were already

getting soft and after 7 minutes, were completely transparent with a honey-like consistency. At 9

minutes, the pellets stabilize and start to brown. Next, the polypropylene pellets were added onto

top of the polyethylene. After 3.5 minutes the pellets became completely transparent and after

6.5 minutes, they were starting to melt. After 9 minutes, the polypropylene had completely

liquefied.

[0080] In addition, polyethylene powder was added on top of the liquid. It was observed that

in 1 minute, the polyethylene powder would completely liquefy. After this, polypropylene and

polystyrene powders were added, all with similar results.

3.1.4.2. Analysis

[0081] Even using the high power heater, the polyethylene pellets did not melt causing

powders to be tried with a successful result. All three different types of plastic in powder form

melted quickly and formed uniformly liquefied pools. Also, the polypropylene and polystyrene

pellets liquefied as well.



3.1.4.3. Conclusion

[0082] This experiment resulted in the successful production of liquid pools that can flow

from chamber to chamber. Also, these pools will be able to create a seal necessary to keep the

oxygen out of the pyrolysis chamber.

3.1.5. Experiment 4 - Individual Testsfor 3 Plastic Types

3.1.5.1. Procedure and Results

[0083] The goal of the experiment was to observe the changes that occurred when each of

the three different types were liquefied individually. The same Pyrex containers were used and

the same high power heater. The Pyrex containers were heated to 266 °C before the plastic

powders were added. The power output from the heater was read to be 292 Watts.

[0084] Polystyrene was the first powder that was added. During the experiment, the powder

was added multiple times with the intention of creating a pool of plastic. After 9 minutes, the

polystyrene was completely liquid, although remained viscous due to the agglomeration of the

powder and needed more heat to melt it. Once the plastic stabilized after 18 minutes, the Pyrex

was removed and a new container was used with polypropylene. This

procedure was repeated with the other two plastic powder types. In each case, the powders

liquefy in less than 1 minute and then more powder was added onto the liquid pool.

3.1.5.2. Analysis

[0085] For each type of plastic powder, when more is added, the temperature drops

significantly, demonstrating how the powders absorb the heat. In the case of polyethylene, the

largest liquid pool was able to be created due to the least amount of agglomeration among the

powder and the liquid plastic. Also, after a period of time, the volume in the container decreases

due to pyrolysis reactions happening within the container.

3.1.5.3. Conclusion

[0086] This experiment has successfully reproduced liquefied pools of plastic of all three

different types.



3.1. Overall Conclusion

[0087] Through the melting of the plastics and adapting the test plans it had been determined

after all six tests, plastic powder or plastic waste pieces with a large surface area can be melted.

The ease of melting and liquefying of plastic in these forms is proportional to the amount of

power being applied to the scaled down device and a relatively large amount of surface area.

3.2. Stage 2 - Determining the Mass Flow Rate of Plastic Leaving Liquefaction Chamber

3.2.1. Purpose

[0088] In the second stage of testing, small holes 610 were drilled into the crucible 600 used

in Stage 1 (Figure 7). The objectives of stage 2 were to determine the mass flow rate of liquefied

commercial HDPE, medium density polyethylene powder, low density polyethylene powder,

and polypropylene powder. To do this, the crucible 600 was situated in a fixture and the liquid

was allowed to flow into a catch 620. The catch 620 was changed about every minute and the

mass of the plastic will be measured.

3.2.2. Equipment

• Steel liquefaction chamber

• Aluminum extension

• Liquefaction chamber cover with tempered glass

• 180 Watt heat wrap

• 2 psi release valve

• Copper tubing

• Thermocouple and DAC

• Stop watch

• Camera

• Y4" square pieces of a 1 gallon water container made of HDPE

• Polypropylene powder (300 µιη)

• Aldrich polyethylene powder, medium density (125-212 µιη)

• Polyethylene powder (300 µιη)

• Aldrich polyethylene powder, low density (300 µιη), catalog number 18189-7

• Balance

• 2 silicon 0 rings

• Unifrax fiberfrax paper (PS-3351)



• Teflon tape

• Flow hood

• Pressure Gauge

3.2.3. Experiment 1 - Flow Rate of Melted HDPE (waterjug)

3.2.3.1. Procedure and Results

[0089] The steel liquefaction chamber was attached to the aluminum extension cylinder

using 6 screws with a silicon O-ring between the two parts. A 2 psi brass release valve was

threaded into the aluminum cylinder keeping the liquefaction chamber at a maximum pressure of

2 psi. The liquefaction chamber was clamped into place on the metal stand. The heat wrap was

placed around the outer wall of the liquefaction chamber. The thermocouple was placed inside

the liquefaction chamber. The mass of 5 Styrofoam cups were measured and placed under the

chamber to collect the liquefied plastic. Once the chamber reached an average of 250 °C, four

grams of plastic was added to the liquefaction chamber. When the plastic became transparent, an

aluminum cover with a tempered glass window was screwed onto the top of the cylinder with a

silicon O-ring inserted between the aluminum extension and cover. A nitrogen line was then

hooked up to a long copper line which was connected to the liquefaction chamber. A flow rate of

0.6 liters/min of nitrogen was added to the liquefaction chamber to create pressure to push the

plastic through the bottom holes.

[0090] The plastic in contact with the walls of the liquefaction chamber began to become

transparent within one minute, while the plastic in the center of the chamber took about 15

minutes to melt. After 18 minutes, the cover was screwed onto the liquefaction chamber. The

chamber was pressurized after 18 minutes by adding a flow of nitrogen.

[0091] The mass of plastic could not be measured every minute because it did not liquefy

and instead it extruded out of the bottom holes of the liquefaction chamber. The extruded plastic

started to solidify due to the convection from the flow of room temperature air under the

flowhood.

[0092] About 0.9 grams of plastic was extruded from the liquefaction chamber in 16.5

minutes. The remaining 3.1 grams of plastic was stuck inside the chamber. Because the plastic

did not liquefy and flow out of the liquefaction chamber, the mass could not be measured every

minute.



3.2.3.2. Analysis

[0093] The plastic did not liquefy, it extruded through the holes of the liquefaction chamber

continuously. The plastic kept the pressure seal between the liquefaction chamber and the

outside air, preventing oxygen from entering the liquefaction chamber.

3.2.3.3. Conclusion

[0094] A temperature above 250 °C is needed to liquefy the plastic pieces of water jug made

ofHDPE.

3.2.4. Experiment 2 - Flow Rate of Lab Grade Medium Density Polyethylene Powder

3.2.4 . Procedure and Results

[0095] The same procedure was used in experiment 1, except 22.71 grams of lab grade

medium density polyethylene powder (125-212 m) was used to feed the system. The set up was

the same as experiment 1 but fiberfrax paper was used as insulation around the bottom of the

liquefaction chamber and around the cylinder aluminum extension.

[0096] The powder fully liquefied and became transparent within ten seconds. It began to

flow continuously without being pressurized. The time was then recorded as soon as the plastic

began to flow and the plastic was collected by a glass lens. The lens was switched out with

another lens every minute. The mass of the plastic that flowed out of the liquefaction chamber

every minute was measured using a scale. The liquid seal was broken around 5 minutes. This

was observed from the sound of air releasing from the liquefaction chamber.

3.2.4.2. Analysis

[0097] Lab grade polyethylene powder melts completely at 250 °C. It did not need to be

pressurized to have a constant flow rate. The average flow rate was calculated to be 4.83

grams/min. This average does not include the flow rate from 4.67 to 6 minutes because the

liquid seal was broken during that time.

3.2.4.3. Conclusion

[0098] The viscosity of the powder polyethylene cannot be controlled by pressure

effectively in the designed system since it flows very fast without pressure.



3.2.5. Experiment 3 - Flow Rate of Lab Grade Polypropylene Powder

3.2.5.1. Procedure and Results

[0099] The same procedure was carried out as in Experiment 2, except 25 grams of lab grade

polypropylene plastic at a size of 300 µιη was fed into the system. The plastic did not fully

liquefy and did not flow out of the liquefaction chamber at atmospheric pressure. The

polypropylene was extruded through the bottom of the liquefaction chamber, and about 3/4 of

the 25 grams plastic was extruded out of the chamber in 15 minutes. The remaining plastic was

stuck inside the liquefaction chamber. The extrusions were very elastic and the plastic in contact

with the bottom of the liquefaction chamber was burned. The temperature of the walls of the

liquefaction chamber was an average of 300 °C. This value was measured with a thermocouple

before the plastic was added to the system.

3.2.5.2. Analysis

[0100] Polypropylene powder does not liquefy at 250 °C but instead becomes a highly

elastic extrusion. It also burns at temperatures around 300 °C.

3.2.5.3. Conclusion

[0101] Polypropylene powder may need to be exposed to higher temperatures to fully

liquefy.

3.2.6. Experiment 4 - Flow Rate of Low Density Polyethylene

3.2.6.1. Procedure and Results

[0102] The same procedure was used as in Experiment 2, but 20.5 grams of low density

polyethylene powder with a maximum diameter of 300 µιη was used. The plastic in contact with

the walls of the liquefaction chamber became transparent first within about 1 minute. All of the

plastic became transparent about 3 minutes after it was poured into the liquefaction chamber.

The plastic did not flow out of the liquefaction chamber when pressure was not applied to the

chamber by a flow' of nitrogen. The maximum pressure applied was 2 psi. The mass flow rate

could not be measured because the plastic did not liquefy and fall into the catch.

3.2.6.2. Analysis

[0103] Low density polyethylene did not fully liquefy at 250 °C and instead extruded from

the liquefaction chamber. The plastic was highly elastic, and burned when in contact with the



inner walls of the crucible for an amount of time, and there were also many bubbles in the

extruded plastic. The walls of the crucible were found to be around 300 °C using a

thermocouple.

3.2.6.3. Conclusion

[0104] Low density polyethylene needs to be exposed at higher temperatures then 250 °C to

liquefy, but burns at temperatures around 300 °C.

3.2. Overall Conclusion

[0105] The results from the experiments in this stage shows that a pressure of 2 psi can be

used to create a continuous flow rate of plastic exiting the liquefaction chamber. This shows that

the continuous feeding system is feasible and stage three testing can be carried out. Powder

polyethylene will be used for testing in stages 3 and 4 for proof of concept of the design because

it successfully liquefied, flowed continuously, and it did not burn.

3.3. Stage3 - Determining Mass Flow Rate Using Compression Chamber

3.3.1. Purpose

[0106] The purpose of Stage 3 testing was to determine the flow rate of polyethylene

powder using the continuous feeding system 70 consisting of a compression chamber 700 and

two butterfly valves 710 (Figure 8). This was done by using the continuous feeding system 70

which was connected to the liquefaction chamber 720 used in stage 2 . In addition, the system 70

had a first nitrogen inlet 730 to allow inert gas into the compression chamber 700. The system

70 also has a second nitrogen inlet 740 to allow inert gas into the liquefaction chamber 720. The

system 70 also comprised a release valve 750. Polyethylene powder was added to the system 70

and the mass of liquefied plastic was measured every minute. Polyethylene plastic was added to

the compression chamber every 3 minutes, pressurized and then added to the liquefaction

chamber.

3.3.2. Equipment

• 8 plugs (8 screws and bolts)

• 2 butterfly valves

• Compression chamber



3.3.3. Experiment -Test Run using Compression Chamber

3.3.3.1. Procedure and Results

[0107] As shown in Figure 9, the liquefaction chamber 820 was attached to the cylinder

aluminum extension. Screws and bolts were used to plug 8 out of the 9 holes (not shown) in the

liquefaction chamber 820 to decrease the flow rate of plastic. A brass butterfly valve (not

shown) was attached to the aluminum extension using a double sided male threaded extension

(not shown). Another double threaded aluminum extension (not shown) was used as the

compression chamber 800 and attached to two brass butterfly valves 810a and 810b. The

system 80 also included a first nitrogen inlet 830 attached to the compression chamber 830 and a

second nitrogen inlet 840 attached to the liquefaction chamber 820.

[0108] When the system 80 reached 200 °C, 18.5 grams of polyethylene plastic powder (the

size is ~ 300µιη) was poured into the compression chamber 800. The top butterfly valve 810a

was then shut, and the chamber 800 pressurized with nitrogen through the inlet 830.

Subsequently, the bottom butterfly valve 810b was opened and the powder was dropped into the

liquefaction chamber 820 . The plastic liquefied within 15 seconds after it was poured into the

liquefaction chamber 820. The plastic flowed out of the liquefaction chamber 820 similar to

honey.

3.3.3.2. Analysis

[0109] The polyethylene powder fully liquefied immediately and created a seal between the

liquefaction chamber and atmosphere. The average flow rate of the plastic was about 4 grams

per minute. The plastic had a similar consistency to that of honey.

3.3.4. Experiment -Continuous Feeding

3.3.4.1. Procedure and Results

[0110] The system 80 was heated to a temperature of around 200 °C and the liquefaction

chamber 820 was purged with nitrogen through inlet 840. Then, 20 grams of polyethylene

powder was added to the compression chamber 800 and the top butterfly valve 810a was shut.

This compression chamber 800 was then purged with nitrogen through inlet 830 at a flow rate of

0.6 liters per minute. After 30 seconds, the bottom butterfly valve 810b was opened and the

powder entered the liquefaction chamber 820. The bottom butterfly valve 810b was then closed.

After 3 minutes, 25 more grams of plastic was added to the compression chamber 800, the

chamber 800 was pressurized, and the bottom butterfly valve 810b was opened. At 6 minutes



these steps were repeated. Glass lenses were used to catch the plastic, which were switched out

every minute. After the plastic solidified, its mass was found using a scale. The solidified plastic

is labeled corresponding to the minute the mass was measured. The average flow rate was

calculated to be about 9 grams per minute.

3.3.4.2. Analysis

[0111] The average flow rate is 8.98 grams per minute. This flow rate is at a constant

pressure.

3.3.4.3. Conclusion

[0112] The flow rate increases immediately after more plastic is added to the liquefaction

chamber. This may be due to the amount of liquid increasing rapidly which increases the height

of the plastic in the liquefaction chamber, increasing the pressure on the plastic flowing out from

the bottom of the chamber. This experiment shows that the compression chamber allows the

plastic to be continuously fed, even though the flow is not necessarily steady.

3.4. Stage 4 - Pyrolyzing the Plastic and Igniting a Flame

3.4.1. Purpose

[0113] In the fourth stage of testing, the pyrolysis chamber was added to the test fixture. The

objectives of this stage of testing were to use a Bunsen burner placed underneath the pyrolysis

chamber to liquefy plastic, allow it to flow into the pyrolysis chamber, and gasify it inside the

pyrolysis chamber. Once it was a gas, it was allowed to flow out of the exhaust hose and a

lighter was used to observe the presence of the pyrolyzed plastic gas. A nitrogen input added to

the experiment for Stage 3 was used to make sure there is no oxygen flowing into the pyrolysis

chamber.

3.4.2. Equipment

• Steel liquefaction chamber and pyrolysis chamber

• 180 Watt heat wrap

• 2 psi release valve

• Copper tubing

• Thermocouple and DAC

• Stop watch



• Camera

• Polyethylene powder (300 11m)

• Balance

• Flow hood

• Pressure Gauge

3.4.3. Experiment - Preheat System and Load Plastic to Determine Ability to Pyrolyze Plastic

3.4.3.1. Procedure and Results

[0114] The pyrolysis chamber 960 was added to a feeder (not shown), compression 900, and

liquefaction chamber 920 setup to form a system 90 (Figure 10). The two nitrogen input valves

930 and 940 produced pressures between 0.5 and 1 psi in the compression 900 and liquefaction

chambers 920. The Bunsen burner 990 was allowed to run until the liquefaction chamber 920

reached 200 °C and both butterfly valves 910a (top valve) and 910b (bottom valve) were closed.

Every minute, 2 grams of polyethylene was added, a number determined by the results of the

previous experiments. A support fixture 980 was placed under the pyrolysis chamber 960 to

support the weight of the system during the experiment (Figure 10). The system 90 also

included an exhaust 970 to release gases (the exhaust is shown as coiled piping). An additional

release valve 950 was also included in the system 90.

3.4.3.1. Analysis

[0115] With the presence of the clean flame, it is shown the gasified plastic is flowing

through the system to the pyrolysis chamber where it is gasified and exits through the exhaust

pipe.

3.4.3.2. Conclusion

[0116] This experiment shows the successful introduction of the pyrolysis chamber into the

system. Because the gas exiting from the pyrolysis chamber is not premixed and there are losses

of heat through the exhaust pipe, an external flame is needed to light the gas.

3.4.4. Overall Conclusion

[0117] From the results of stage four it can be concluded that the device can produce plastic

pyrolyzed gases effectively. This stage allows confirmation that each chamber from the

compression chamber to the pyrolysis chamber will work in the current design.



CLAIMS

1. A method of generating power from solid organic waste materials, the method

comprising:

a) heating the solid organic waste material to form a liquid;

b) pyrolyzing the liquid to obtain one or more gaseous decomposition products;

c) mixing the one or more gaseous decomposition products with an oxidizing gas to form

a mixture;

d) burning and igniting the mixture to produce thermal energy; and

e) generating power by utilizing the thermal energy.

2 . The method of claim 1, wherein pyrolyzing the liquid is performed in an inert

atmosphere.

3 . The method of claim 1, wherein the thermal energy is produced by a pre-mixed fuel-lean

flame.

4 . The method of claim 1, wherein the fuel-air equivalence ratio is less than 1.

5 . The method of claim 1, wherein the solid organic waste material is selected from the

group of common post-consumer polymers, polyethylene, polypropylene, and polystyrene.

6 . The method of claim 1, wherein the organic waste material is selected from the group of

common waste biomasses and woody biomass residues.

7 . The method of claim 1, wherein oxidizing gas is oxygen.

8. The method of claim 1 further comprising collecting the one or more gaseous

decomposition products in a chamber.

9 . The method of claim 1, wherein a) through d) are each performed in separate chambers.

10. The method of claim 9, wherein the chambers are positioned in a vertical arrangement.

11. The method of claim 10, wherein the chamber for performing a) is positioned above the

chamber for performing b), the chamber for performing b) is positioned above the chamber for

performing c), and the chamber for performing c) is positioned above the chamber for

performing d).

12. The method of claim 11 further comprising pressurizing the interior of the chamber for

performing a) to a pressure higher than atmospheric pressure.

13. The method of claim 12, wherein the chamber for performing a) is pressurized with an

inert gas.



14. The method of claim 12, wherein the pressure in the chamber for performing a) is higher

than the pressure in the chamber for performing b), the pressure in the chamber for performing

b) is higher than the pressure in the chamber for performing c), and the pressure in the chamber

for performing c) is higher than the pressure in the chamber for performing d).

15. The method of claim 14, wherein generating power comprises a turbine or any other heat

engine that converts the thermal energy into power.

16. The method of claim 1, wherein a fraction of the heat generated by burning the mixture

of the mixture is supplied as process heat to perform a) and b).

17. A system for generating thermal energy from solid organic waste material comprising:

a) a liquefaction chamber having a first inlet to receive an organic waste material

feedstock, the liquefaction chamber being configured to heat the organic waste material

to produce a liquid;

b) a pyrolysis chamber having a second inlet to receive the liquid from the liquefaction

chamber and a third inlet to receive an inert gas, the pyrolysis chamber being configured

to convert the liquid to one or more gaseous decomposition products;

c) a mixing chamber comprising a fourth inlet to receive the one or more gaseous

decomposition products from the pyrolysis chamber and a fifth inlet to receive an

oxidizing gas to form a mixture; and

d) a combustion chamber comprising a sixth inlet to receive the mixture from the mixing

chamber and an energy source to ignite the mixture to produce thermal energy.

18. The system of claim 1 further comprising a storage chamber configured to receive and

hold the organic waste material, the storage chamber being connected to the liquefaction

chamber to provide the organic waste material to the liquefaction chamber.

19. The system of claim 18 further comprising a fuel collection chamber having a seventh

inlet to receive one or more gasified pyrolyzates from the combustion chamber.

20. The system of claim 17, wherein the chambers are positioned in a vertical arrangement.

21. The system of claim 18, wherein the storage chamber is positioned above the

liquefaction chamber, the liquefaction chamber is positioned above the pyrolysis chamber, the

pyrolysis chamber is positioned above the mixing chamber, and the mixing chamber is

positioned above the combustion chamber.

22. The system of claim 17, wherein a fraction of the heat generated by the combustion

chamber is supplied as process heat to the pyrolysis and liquefaction chambers.



23. The system of claim 17, wherein the solid organic waste material feedstock is selected

from the group of common post-consumer polymers, polyethylene, polypropylene, and

polystyrene.

24. The system of claim 17, wherein the organic waste material is selected from the group of

common waste biomasses and woody biomass

25. The system of claim 17, wherein the oxidizing gas is oxygen.

26. The system of claim 17, wherein the mixing chamber is a venturi.

27. The system of claim 17, wherein the mixing chamber mixes the one or more gaseous

decomposition products and the oxidizing gas in the absence of the inert gas.

28. The system of claim 17, wherein the fifth inlet comprises a valve to control the flow of

the oxidizing gas into the mixing chamber.

29. The system of claim 17, wherein the second inlet is sealed to reduce the introduction of

atmospheric gases into the pyrolysis chamber.

30. The system of claim 17, wherein the liquefaction chamber is pressurized to above

atmospheric pressure with an inert gas.

31. The system of claim 30, wherein the liquefaction chamber has a higher pressure than the

pyrolysis chamber and the pyrolysis chamber has a higher pressure than the mixing chamber and

the mixing chamber has a higher pressure than the combustion chamber.

32. The system of claim 17, wherein the fourth and sixth inlets comprise one-way valves to

reduce backflow of the oxidizing gas into the pyrolysis chamber.

33. The system of claim 17, wherein the thermal energy is provided to a turbine or any other

heat engine that converts the thermal energy into power.

34. A method of generating power from solid organic waste materials, the method

comprising:

a) pyrolyzing the solid organic waste materials to obtain one or more gaseous

decomposition products;

b) mixing the one or more gaseous decomposition products with an oxidizing gas to form

a mixture;

c) igniting and burning the mixture to produce thermal energy; and

d) generating power by utilizing the thermal energy.

35. The method of claim 34, wherein the organic waste material is selected from the group of

common waste biomasses and woody biomass residues.

36. The method of claim 34, wherein oxidizing gas is oxygen.



37. The method of claim 34 further comprising collecting the one or more gaseous

decomposition products in a chamber.

38. The method of claim 34, wherein a) through c) are each performed in separate chambers.

39. The method of claim 38, wherein the chambers are positioned in a vertical arrangement.

40. The method of claim 39, wherein the chamber for performing a) is positioned above the

chamber for performing b), and the chamber for performing b) is positioned above the chamber

for performing c).

4 1. The method of claim 40 further comprising pressurizing the interior of the chamber for

performing a) to a pressure higher than atmospheric pressure.

42. The method of claim 41, wherein the chamber for performing a) is pressurized with an

inert gas.

43. The method of claim 42, wherein the pressure in the chamber for performing a) is higher

than the pressure in the chamber for performing b), and the pressure in the chamber for

performing b) is higher than the pressure in the chamber for performing c).
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