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TUNABLE, SELF-POWERED INTEGRATED ARC PLASMA-MELTER
VITRIFICATION SYSTEM FOR WASTE TREATMENT AND RESOURCE
RECOVERY |

TECHNICAL FIELD
The present invention generally relates to systems for waste conversion, and
more particularly to independently controllable arc plasma-joule heated melter |
combinations as integrated systems to provide a tunable waste treatment and power
production facility.

BACKGROUND OF THE INVENTION

The disposal of municipal solid waste (MSW) and other waste has become a
major issue over the past few decades due to space limitations for landfills and
problems associated with siting new incinerators. In addition, increased
environmental awareness has resulted in a major concern of many large metropolitan
areas and to the country as a whole to insure that the disposal of solid waste is
properly handled. See e.g., USA EPA, The Solid Waste Dilemma: An Agenda for
Action, EPA/530-SW-89-019, Washington, D.C. (1989).

Attempts have been made to reduce the volume and recover the energy
content of MSW through incineration and cogeneration. The standard waste-to-
energy incinerator will process the solid combustible fraction of the waste stream,
pmducesteamtodﬁveammtbine,andasamslﬂtofthecombusﬁoﬁpmcéss
produce a waste ash material. Typically, the ash is buried in a municipal landfill.
Current trends and recent rulings, however, may require such material to be shipped
to landfills permitted for hazardous waste. This will substantially increase ash -
disposa] costs. Moreover, there is increased public concern about gaseous emissions
from landfills and the possibility of contamination of groundwater. Another
disadvantage associated with incinerator systems is the production of large quantities
of gaseous emissions resulting in the need for costly air pollution control systems in
an attempt to decrease emission levels to comply with requirements imposed by
regulatory agencies.
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~ In order to overcome. the shortcomings associated with incinerator systems,
attempts have been made in the prior art to utilize arc plasma torches to destroy
toxic wastes. The use of arc plasma torches provides an advantage over traditional

incinerator or combustion processes under certain operating conditions because the

volume of gaseous products formed from the plasma arc torch may be significantly
less than the volume pmduced during typwnl incineration or combustion, fewer toxic
materials are in the gaseous pmdilct_s, and under some circumstances the waste
material can be glassified. -

For example, U.S. Patent No. 5,280,757 to Carter et al. discloses the use of
aphsmammichinamctorvesseltogasifymunicipalsolid waste. A product
having a medium quality gas and a slag with a lower toxic element leachability is
produced thereby.

U.S. Patent No. 4,644,877 to Barton et al. relatestopyrolyucdutmcuon of
polychlorinated blphenyls (PCBs) using a plasma arc torch. Waste materials are
atomized and ionized by a plasma arc torch and are then cooled and recombined into
gas and particulate matter in a reaction chamber. U.S. Patent No. 4,431,612 to Bell
et al. discusses a hollow graphite electrode transfer arc plasma fumace for treatment
of hazardous wastes such as PCBs.

' Apmcessforremedmionoflad—comaminatedsoﬂandwastebmery
material is disclosed in U.S. Patent No. 5,284,503 to Bitler ez al. A vitrified slag is
formed from the soil. Combustible gas and volatized lead, which are formed from
the waste battery casings, are preferably transferred to and used as a fuel for a
conventional smelting furnace. '

The systems proposed by Barton ef al., Bell ef al., Carter et al., and Bitler ef
al. have significant disadvantages. For example, such disadvantages include

.. i-insufﬁcient heating, mixing and residence time to insure high quality, nonleachable

glass production for a wide range of waste feeds. Additionally, hearth size and
feeder design are significantly limited since furnace walls must be relatively close to
the arc plasma which is the only heat source. High thermal stress on the walls of
the furnace often occurs as a result of the limitation on the hearth size.
Pnoranarcplasmaﬁlmaceswxﬂlmexalelectrodesﬁmhermaybehmnedby
shon electrode lifetime when used at higher DC current. Therefore, to achieve
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hlgherpowerouq:ut,thempownua]mnstbemsedbylngthemngmeam This
results in radiative thermal loases to the fumace mde walls and’ leads to metal
electrode (torch) ineffectiveness. In addmon, there are often dnfﬁculnes associated
with prior art transfer arc plasmas in stan-up and restamug of such arc plasma
systems when cold, nonelecuwally conducung mateml is bemg processed

Thus, whﬂesuchpnormauemptshavebemuseful thereremamsaneedm
the art for a robust, easytoopentewasteconversionsymmwhichmimmms
hmrdousgaseousmsmnsandwhmhmaxnmmsoonvemmofamdemgeof
sohdwasteintouseﬁulenergyandproducesapmductmumwhwhxsmasafe,
stableformforcommemmluseorwhxchdoesnotrequuespeualhmtdouswaste
considerations for disposal. It would therefore be desnnble to prov:de a robust, user
fnendly and highly flexible method and apparatus for pmcessing and convemug a

"wmemngeofwastemmﬂsmonsefulenergyandstablepmdnctswhﬂe

minimizing hazardous gaseous em:ssnons, tlm'eby ovetcommg the sbomommgs

'asmatedwnththepnoran

SMARYOFTHEINVENTION
ItlsanobjectofﬂlepmwntmveunontOWamethodandappmmsfor
mcmsedconversmnofsoﬁdwmmmmlsmhasmunmpdandmdusmalwm

fouseﬁnlemrgymthgrenlyredueedaupolluﬂon

Iusanotherobjectofthepreuentinvenuontopmvxdeamethodand
appmmsforconvernngamdenngeofwastematemlswuseﬁnlcommercml
products or to a safe, stableproductwh:ch:smmblefordisposal

Itnsanotherobjectoftbemvemontoprov:deamemodandappammsfor
oonvemng waste matemls using a combination ofan mdependently controllable arc
plasmaandjmleheaﬁedmelterasanmtegmedsym

Itmsﬁﬂmherobjectofthemvenﬂonmpmv:deamethodandappamms
forconvemngwastematemlsumganarcphmwhmhpmdeshuwdmawmlto
ajoulehutedmelwrinadnectlyconpledmwgmdsym "

It1saf|mherobpctofthemvennontoprovndeamethodandappanmsfor
convexﬂngwastcmatemlsumgafunymtegmedjonleheatedmelwrandam
plasma unit.
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It is yet a further object of the invention to provide a method and apparatus

.foroonvemﬁngwastemateﬁalsinwhichajouletwute_dmelterandanarcplasmaina

fully integrated system are operated simuitaneously with a common molten pool and
with independent control of the power to each.

ItxsyﬂafuuherobjemofthemvenuonmpmwdeamemodmndappMs
for vnmfymg waste materials using a combination joule heated meliter and arc plasma
as an integrated system. | _

It is still a further object of the inventjon to provide a method and apparatus
for converting waste materials using fast pyrolysis, thereby providing a high purity
gas suitable for combustion.

~ Itis yet a further object oftheptesent invention to provide a method and
apparatus for a highly effective conversion of waste materials to gaseous fuel capable
of generating electricity through a small, highly efficient gas turbine or intemal
combustion eangine.
| It is still a further object of the invention to provide a waste conversion unit
that can be self-powered or can provide a given level of electricity for outside use by
utilizing an auxiliary fuel, such as natural gas, diesel or some other fuel, in varying

amounts in the gas turbine or internal comb_u_stion engine.

These and other objects of the invention are provided by a system which is
capable of processing municipal solid waste (MSW), industrial waste or other waste
forms into a stable nonleachable product which is suitable for use commercially or
which can be disposed of without risk to the environment. The system also
minimizes air emissions and maximizes production of a useful gas product for the
production of electricity. | |

The present mvenuon provides a compact waste-to-energy processing system

- « @« that has the advantage of complete or substantially complete conversion of waste

materials into a useful gas and a product stream at a single location. In addition, the
product stream may be used in a variety of commercial applications. Alternatively,
the product stream, which is in a safe, stable waste form, does not require special
hazardous considerations for disposal. | |

| Theoombmauonofﬂlearcphsmafumaceandthejoulehutedmelwrasan

| integrated system with gas turbine or internal combustion engine generating
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eqmpment provides a self-powered waste ueatment and power prodncuon facility
which is capable of bemg deployed in relatlvely small modular umts and which can
be easily scaled to handle large volumes of municipal sohd wme |

The primary processing unit prefembly mcludes a DC or AC electrode arc
plasmaforheaungwastematermlandwhlchalsohasjoulehenmgmpabmtyforthe
melt pool. Prefembly,meelectrodearcorarcslsaDCelectmdearcorarcswrth
eleotrodesformedofgmphlte 'lheuseofaDCamelecu'odemcombmanonwntha
specnlelecmcalmmumwmsmlhneousmdependentconmlofﬂwmphsma
andthejouleheetedmelter Thepnmarymodeofopennonofthearcplasmaand
joule heated melter is pyrolysis (oxygenmrvedopemnon) Inaprefened
embodiment, the system is operated such that fastpymlysrs occurs, thereby
producing a gas with hrgher purity as compared with other methods of pyrolysrs |

Onebod:memofthemvennonuuhzesaoombimuonofanarcplasma
ﬁlmaoewhmhprowdesheatedmamﬂwajwlehemdmelterooupledmﬂlearc
plasma furnace. Inducuveheeungandlormmgcoﬂsmaybeuulmdtopmvxde
additional heating and/or mixing in the melt pool.

In another, prefenedembodxmentofthepresentmvenuon thearcplasma
andjouleheatedmeltereomponenmmfuuymmtedwnhaoommonmoltenpool
mchthatthesystemrseapableofsunulﬂnewsindepmdenﬂyconﬂoﬂableie

~ tunable, operanonoftheeeoomponents 'Ihearcphmooeursbetweenagraphme

electmdeorelectmdesandthemoltenmateml Gmplnteutheprefenedm
elecuodematemlmherﬂmnmmlmgmhnedemvdesmphfythepmss
andsmoegnphnehasmuchhighercunentoepabrmythanamenleleeuodema
plasma torch. In addition, gmphrteelectmdesxeqmreleusmmntemncerelanveto
thefrequentnpreplaoememsofthemetelelecuodeplamamhsystems It should
be appreciated, however,thatothermetalhcselememssuchasmngstenorthelike
may be utilized as the clectrode material,
'Ihemnablefullymgratedsymememployselecmulmdmechameeldesngn

' features to maximize flexibility and effectiveness. 'l‘hebeneﬁtsofthnembodnment

of the invention include, but are not limited to, h:ghprocessmgmesforvmiﬁwron
ofalargevanetyofmatemlsmtohighthty mble non-leuchableglassand
reduced volume requnements due to the integrated system. Thejouleheatedmelter
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provides deep volume heating and is capable of maintaining a constant temperature
throughout the melt pool with uniform mixing characteristics, thereby resulting in a
high quality, homogenous glass product. The arc plasma provides the necessary
radiant surface heating forproco#sing feed material in a highly efficient manner and
at significantly higher rates than other technologies. Simultaneous independently
controllable operation of the arc plasma and joule heated melter is provided by
predetermined arc melter configurations and electrical circuits. While not meant to
be limiting, the arc plasma preferably is operated by a DC arc and the joule heated
melter is operated by AC power. The DC arc and AC powered joule heated melter
arrangement insures the ability to independently control and operate each component.

The use of the melter in combination with the arc plasma provides more
uniform heating than prior art techniques. In addition, utilizing deep volume
heating provided by the joule heated glass melter facilitates ease of operation. It
also provides the constant heat source necessary to maintain sufficient electrical
conductivity in the waste material for rapid restart of the arc plasma which uses an

~ electrical conduction path through the waste material. Additionally, the fully

integrated system allows the furnace walls to be further from the arc plasma since
there is an additional heat source provided. The increase in wall distance from the
arc plasma increases feed options and reduces thermal stress on the furnace lining.
The present inveation also allows the use of electrodes having a long life and a very
wide range of arc plasma and joule heater power levels.

The independent control of the arc plasma and the joule heated melter power

| pmvidesaconﬁnhouslymnablemixofsurfaceanddeepvolumeheating, which can

be optimized for different phases of operation. For example, additional heating may

 be required for pouring glass or maintaining the glass pool temperature while
.- « » sadditional surface heating may be necessary during the initiation of feeding. In

addition, different mixes of surface and volume heating are appropriate for different
waste streams. The ratio of surface to deep volume heating may be less for
municipal waste, for example, than for industrial waste containing large amounts of
metals and high temperature materials.

The high quality, vitrified products produced in accordance with the present
invention may be used in a variety of applications. For example, the vitrified
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products may be crushed and incorporated into asphalt for use in roads and the like.
Alternatively, the vitrified products may be utilized to replace cinder in cinder or

-~ building blocks, thereby minimizing absorption of water Within the block. Further,

the vitrified products may be solidified to a final form which exhibits substantial
volume reduction over prior art vitrification products The sohd:ﬁed form is suitable

-fordlsposalwnhouthealthﬂsksornskstotheenvuonment

Thefomgomghasonﬂmedeofthemorepuunentobjectsofthepresent
invention. Ihcseob]ectsshouldbeeonmuedtobemexelyﬂlustuhveofsomeofthe
morepmmmentfeammsandappﬁuuonsofthemvennon Many other beneficial
resultseanbeattamedbyapplymgtbed:sclosedmvenﬁonmadlﬁ'erelumannerof
modifying the invention as will be described. Accordmgly, other objects and a fuller

-understandmgofthemvenuonmaybehadbyrefemngtothefonowmgbetaﬂed

Description of the Prefenad Embodunents

BRIEFDESCRIPTION OF THEDRAWINGS '

Foraﬁnllerunderstandmgofthepmmtmvm reference is had to the
following descnpn taken in conjlmcuon with the accompanymg drawmgs,
which:

Fig. 1) is a schematic view of 2 flowdngmn illustratmg the process and
appammsmmbleforuaemthepresentmvenuonmwhmhthcmphsmapmudes
heutedmatenaltothemeluermadirectlycoupledmtagmedsystem ' '

Fig. l(b)lsaschematxcv:ewofaﬂowdugmmmumﬁngthepmwssand
apparatus suitable for use in altémative embodiment of the invention in which the
combumrandgasturbmzengmeshownml‘lg l(a)arereplacedbyaspark
muonordmelmmmlcombummengme ' _

« ¥igs. 2(3) - 2(e) illusmadmcﬂyconpledarcplasmafumacemdjoule
huwdmeltermaccordancewiﬂnhcpmsentmvennon _' '

Figs. 3(a)and3(b)lllumteDCpowersynemamngementsonlyforthearc
plasmapmuonoftheucfnmaceandjouleheawdmeheramngementshownm
Figs. 2(a) - 2(e); - o _

' Fig. 4(a) shows an alternative and preferred embodiment of the arc plasma
furnace and joule heated melter according to the present invention in which the
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furnace and melter are formed as a fully integrated system with a common molten
bath;

PCT/US96/01283

Fig. 4(b) shows a fully integrated arc plasma furnace and melter in which the
melter portion electrodes are positioned at an angle relative to the vertical portion of
the arc plasma-melter unit;

Fig. 4(c) shows the fully mtegnted system of Fig. 4(a) with magnetic co:ls
for inductive heating and mixing in accordance with the present invention;

Fig. 4(d) illustrates the fully integrated system of Fig. 4(a) having a
secondary thermal boost in accordance with an alternative embodiment of the
invention;

~ Fg.S illustrates a fully mtegmed arc plasma furmace and joule heated melter
system with independently controllable power delivery systems;

Figs. 6(a) and 6(b) respectively show an AC power system and a DC power
system for use with the fully integrated system shown in Fig. 5;

- Figs. 7(a) and 7(b) show two plan views for electrode configurations and
geometries for the fully integrated system shown in Fig. §; and
" Fig. 8 illustrates a circuit diagram having the ability to connect a portion of
the AC elecmdesthatwillconductbothAC'andDCaeeordingtotheintegmed
system shown in Fig. 5.

Sumlarrefemncechamcm referwnmﬂupansthrwghouttheseveml

views of the drawings.

DETAILED DESCR!P'HON OF THE PREF]!RRED EMBODIMENTS
Referring now to Fig. 1(a), a schematic view of the process and apparatus
suitable for use in accordance with the present invention is shown. System 10

- » ajincludes a primary processing unit having arc plasma furnace 12 and melt chamber

30

32. As.slmwn_ingruwrdetaﬂinmg.z,arcphsmafumacenisconstmotedsuch

that the amount of oxygen present in the furnace can be controlled. Furnace 12

includes top 12a, bottom 12b and sides 12¢ and 12d. In addition, furnace 12
preferably includes at least four ports, illustrated in Fig. 1 as 14, 16, 18 and 20a.
As discussed herein, opening 14 allows gas formed in arc furnace 12 to be
discharged through opening 14 to fuel gas fine 30 and processed for uso as a fuel
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gas. Opening or gas discharge port 14 may be formed ofmyconvenuomlmatenal
which allows controlled discharge of a combustible gas. For example and while not
meant to be limiting, gas discharge from fumace 12 may be controlled by a flow
control valve or the like at opening 14. It is preferred that gas discharge port 14 be
positioned at or near top 12a of furnace 12. Altemauvely,gasdischargeponu
maybeposmonedmchmnber:izasshownmlﬁg 2

As further shown in Figs. 1(a), 1(b) and 2(a) - 2(e), opening 16 allows slag
orglassmatmalformedmﬂumcelzmﬂowmtojoulehmdmdtersz Flow
ﬂ:mughopemngorponlsmprefeublycomuedbyoonstrucnngfunncelzto
have an angled wall 12d such as that shown in Fig. 2. In this mannier, slag material
%acmmmwsmﬁnmcenunﬁlapredemmmdlevelmmched forcing slag 36
to flow over wall 12d and into melter 32. Whllenotmeanttobehmmng wall 12d
may be formed at angle of about 45° as shown in Fig. 2. The level at which slag .
begins o flow over wall 124 into meler 32 i determmedbasedonthedesned
also permits glass to be removed conhnuously while umultaneonsly preventmg
entrance or egress of gas. '

0pemngormetalduchargeport18allowsmetalwhichhasformedand
couectedmfumaoenwbedlschargedandsepamtedﬁomthemmdshg
formed in furnace 12. Mhugeponltncommdmanymmerwhehis
capableofconmnmgtheduchrgeofmolmmetalmmmlﬁmnﬂxmcen For
example, aﬂoweonunlvalveorequxpment maybeusedwconuolﬂowthmngh
discharge port 18 to metal collector 28. Prefembly,openmglﬂxsposiﬁonedonsxde
12d of farmace 12 as shown in Figs. landZandmetaldlschargelhsposmonedat
or near bottom 12b of fumace 12. Whilenotmeantmbehmhng fumacenmay
te ddsigned such that bottom 12b is angled as shown in Fig. 2. |

Wmmmﬂemwﬂ%swsmondmchmm"mﬁeﬁﬂ%isfed
from waste feed system 20 through port 20a to furnace 12 in'a controlled manner.
While not to be construed ‘as limiting, pottZﬂamay mcludeaﬂowcontrolvalveor
the like to monitor the feed rate of waste material 26. Feedsymmmmaybeany
convenﬂonaltypeoffeedsysbmwhmhlsupabboffeedingmuniclpﬂsohdwasw
or other waste such as hazardous waste, hospital waste, ash from an incinerator or

PCTIUS96/01283
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the like to furnace 12 so long as the feed system does not allow air to enter the
furnace through the feed system.
As shown in Fig. 1(a), furnace 12 may include additional ports such as air or
gas entry port 12e, shown in Fig. 1(a). Air or gas entry port 12e includes flow

5 control, such as a flow control valve or the like. Preferably, port 12e is positioned
to enter through the furnace wall at a level proximate to slag material 36 as shown in
Fig. 1(2). In this manner, air 50b (which may contain a predetermined amount of
steam 80), is injected into furnace 12 at a controlled rate and time during the
conversion process to control the composition of the gas exiting the furnace. In

10 addition, air and/or steam may be introduced through opening 12e to insure that any
carbon in the feed material has been converted to carbon-containing gases such as
CO, CO,, H,, CH, and the like. This reduces the amount of charring during the
process which may result when carbon is not completely converted to carbon-

15 Refractory 24 is utilized to line furnace 12. Refractory 24 may be formed of
any suitable material capable of handling temperatures in excess of about 3000°C.
For example and while not meant to be limiting, furnace 12 and portions of
refractory 24 may be formed of ceramic or graphite.

Furnace 12 includes electrods or electrodes 22, which are preferably formed

20 of graphite. It is preferred to use graphite as electrode material rather than metal
since graphite electrodes simplify the process and have much higher current
capability than those used in a metal torch. In addition, graphite electrodes require
less maintenance relative to the'f:equent tip replacements of the metal torch systems.
Due to the anticipated conditions in the furnace plenum involving both partial

25 oxidizing environments and conditions promoting the water-gas reaction:

Lea  ~ C + H,0 -+ CO + H, at 600-1000°C,
there may be unacceptable consumption of graphite without special provisions.
Therefore, graphite electrode 22 is preferably coated with zirconia, silicon carbide,
boron nitride or another protective coating to minimize graphite consumption and

30 prolong useful life. For example, when municipal solid waste containing
carbonaceous material is fed to furnace 12, a highly endothermic reaction occurs

N
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requiring approximately 600 kW-hours/ton municipal solid waste to convert
combustible material to fuel gas and incombustible material to slag.

Electrode or electrodes 22 may be operated with cither an AC or DC arc in

furnace 12. It xsprefen'ed however, to utilize a DC arc in furnace 12 rather than an

AC arc a5 the use of a DC arc enhances arc stability and can reduce electrode
consumption. Metal,_ ‘which may accumulate at the bottom: of furnace 12, is capable
of being removed through metal discharge port.18.  Furnace 12 may also include.
oneormomelecnodesm mpmfmblywmuonedaornwbommn 12b of
furnace 12. __ L

Melt chamber 32, whlchmcludestopm bouomSZbands:des‘.%annd
324, is joule heated and is preferably directly coupled to furnace 12. Joule heated
melter 32 is heated using either AC or DC power. In a preferred embodiment, joule
heated melter 32 is heated with AC power while arc electrode 22 utilizes DC power.

_ The energy requirements to maintain slag 36 at the proper température are equal to

theheatlossesﬁomthemdwromerwxface This. has been demonstrated to be very

low, Le., about20-30KWIm’ofslngorglaassurfweamforapmpeﬂy designed

melt chamber. One advantage of having melter 32. closely. coupled to arc furnace 12
isthatmeuerszpmvideuddiﬁomlmenvomme thereby providing a longer
residence time in the process and elimination of metal short circuiting the electrodes
in the bottom of the joule heated melter. This results in a more homogeneous slag
or glass product which is removed from system 10 by slag discharge. port 82.
Refractory 34 acts as a lining for joule heated melter 32 and may be formed
of any material capable of withstanding temperatures of about 1600°C. - For
example, refractory 34 may be formed of ceramic or the like. ‘Electrodes 38a, 38b

‘_an‘e?x:_fetablyjosiﬁonedin melter 32 such that when slag 36 enters melter 32,

electrodes 38a and 38b are submerged therein, - As shown in Figs. 1 and 2 for
example, clectrode 38a may be placed on one side 32b of melter 32, while electrode

| 38b is placed on the opposite side 32¢ of melter 32 such that AC or DC current is

30

capable of flowing therebetween. Preferably, electrodes 38a, 38b are positioned at
or near the bottom 32d of melter 32. It should be noted, however, that any
arrangement of electrodes 38a, 38b is suitable for use in accordance with the
invention so long as sufficient current is capable of passing through slag 36. It
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should also be noted that melter 32 may also include additional electrodes 38c such
as that shown in Figs. 2(a) - 2(e). '
| Melter 32 may also include auxiliary heater system 90. As illustrated in
Figs. 2(a) - 2(¢), auxiliary heater 90 includes one or more heaters 92, conduit 98,
slag pouring conduit 94, port 96 and slag collector 100. While not to be construed
as limiting, Figs. 2(a) - 2(¢) illustrate several alternative constructions for the
positioning of conduit 98 in auxiliary heater system 90. Slag 36 flows from melter
32 through conduit 98, where it is heated by heaters 92. Slag 36 then flows through
slag pouring conduit 94 to port 96 and is discharged therefrom to slag collector 100.
Port 96 may include a flow control valve or the like to control the discharge of slag
36 from heat system 90. "Auxiliary heater system 90 is utilized when it is desirable
to decrease the viscosity of the slag in order to maintain the slag level in the melter.
The auxiliary heater system also compensates for heat loss as the slag approaches the
slag discharge prior to dropping into the slag container. As illustrated in Fig. 2,
slag therefore may be collected in containers 84 and/or 100. When hazardous waste
is being processed, it may be desirable to have containers 28, 84 and 100 sealably
connected to ports lS,'SZind%, respectively, in a manner such that air and/or
gases do not enter or exit the system therethrough.

The process of the present inveation will now be described. Waste material
26 is fed from feed system 20 through entry port 20a into furace 12. As mentioned
above, arc furnace 12 preferably includes graphite electrode or electrodes 22

~operating with a DC arc. This arrangement is particularly suitable for processing

solid waste material into glass or slag and a useful gas.

The arc 216 in furnace 12 is preferably designed to contact directly feed
material 26. Twotypesbfpowasupplyamngementsuesuitableforuseinthe
Present invention to convert three phase AC power into DC power in order to
initiate and maintain a stable DC arc in arc funace 12.

Fig. 3(a) and 3(b) illustrate DC power system arrangements only for the arc
plasma portion of the arc furnace and joule heated melter arrangement shown in Fig. |
2. The joule heated melter portion of this combined system may utilize a |
convenﬁonalACpowersystem,ch'asthosepresenﬂyusedbyandavaﬂablefor
Pacific Northwest Laboratories or the Department of Energy. As shown in Fig.

This Sheet Has Been Re'placed :
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3(a), a conventional tlmee phase thyristor bndge type rect:fier 200 with a "floating"
or "clamping” diode 212 is illustrated. Secondary tmnsformer wmdmg 204 provides

' anACvoltagewﬂ:ynsmrsm 206bwhichrecnfyﬁrstphase202a Similarly,

secondary uansformer winding 204 pmvndes an AC voltage to thynmrs 206¢, 206d
which rectify second phase 202b while seeondary transformer wmdmg 204 provides
anACvoltagetothynsm:sZMe 206fwhxchrecufytmrdphase2l)2c In this
manner, a rectified phase demgnated as 208 in lﬁg. 3(a) is pmvxded across points
210a and 210b. _

 *Clamping" dxodeZlZuconnectedbetween (+)z1sand(-)zznomputsof
thebndgetectifier lndnctoerhseonneenedmsetmwnthanungmundedoutput
eablebetween"clampmg dxodeznmducfumcelz Inducwr214isusedw
supply transient voltage frequently mquued to mamtam a slable arc 216 during
opetauonofamﬁxmaeelz Thefunctionof"clampmg d:odeznnstopnmdea
pathforthemnentfmmmducmrzutoﬂowwhenthevolugeofmarcnﬁ

exceedstheopencucmtvolngeoftherectiﬁer

Refemng nowtolﬂg 3(b), anotherconventional cu'cmt 230toconvertthree
phaseACpowertoDCpowerwhlchmnnhbleforusemthep:euentmvenuonxs
shown. Th:stypeofchwitismitableforusemmmimngaDCuczmmﬁ:mace
nand:sfrequentlyuuhzedeCamweldmgsystems lnthecm:u:tshownm
Fig. 3(b),satumblemeﬁors232a 232band232ca:econneetedmsenesthheach

_ofthemmeACseemdaryuansfomerwindingsandthethmephasedxodemcuﬁer

bridge. 'l‘heﬁmcuonofumrabletenetorsm 232band232cutovarythe
mpedanceofﬂneACwnentpatbbetweenﬂnhansfomerandtheACmputtothe
diode rectifier, therebypmvxdmgameansmmamtamthedesimdamwntofnc
cune:nmacmlﬁeventhoughthearcvo!tagemaybevarymgmherrwndly

N E N

SecondaryuansformerwindngMinch'cuitnOshowanig 3(b) may be
wye or delta. lfseeonduywmdngM:swye thenthepnmmywmdmg(not
shownmmg 3(b))mustbedeltaorbewyewnhorwnhoutamualxemrn

A chmpmg dmdemnotnwesurymthetypeofcimuitshownmmg 3®)
becausethedlodesmﬂlebndgemuﬁerprovndethlsﬁmcuon Induetor2141sused
tosnpplytheuans:entmvoltageneeessarymordertomnmtamambleDCarc
216 in furnace 12.
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It is important that either the thyristor type or saturable reactor type of
rectifier have a sufficiently high open'cuti'ent DC voltage to normally exceed the DC
arc voltage. It is also impomnt that either type of power supply must be capable of
holdmgapresetmagmtudeofDCwmtwhﬂethemvoltagenngesfromzeroto

5 atleast90%ofnonnalopencucmtrechﬁervolugeevenlfﬂwamvoltagels
varying rapidly. |

If arc furnace 12 is powered with AC rather than DC power, then the
saturable reactor type of circuit shown in Fig. 3(b) is preferred since it will provide
a greater degree of arc stability than a conventional thyristor type of AC switch.

10  Contact with the arc and the specific gravity of metals present in waste
material 26 results in the formation of three phases or layers in furnace 12: a metal
layer,aslaglayerandagaseouslayér'Aicfunmceuopuminawmm
range of about 1400-2000°C, andptefenbly in the range of about 1550-1600°C
based on the composmon of the waste feed. The arc plasma operates in a-

15 temperature range of about 3500-4500°C.

Metalhyerorpinse”aocumulatesbygmvimeuicseparationinthebottom
offumacehanhlhunnlasufﬁcwntqnanutyxswllected Metal881sthen
dlschargedmﬁoasepmteconmnuthroughdlschargeponls ‘As mentioned
above, port 18 may be formed ofany suitable material which is capable of handling

20 metal in a temperature range of about 1400-2000°C. Port 18 may also include a
flow control valve or the like to control discharge of metal 88 from furnace 12.
Glass or slag 36 produced in arc fumace 12 passes under a weir into joule heated
melter 32 which is coupled to farnace 12. While the operating temperature in joule
heated melter 32 may vary depending on the composition and properties of the slag,

25  melter 32 is preferably operated at approximately 1200-1600°C.

ces “!‘hepﬁmuymodeofoperaumfumacelZandmeltarSZmpyrolysxs
However, opemﬂonmapamﬂondauonmodemayberequmdtoasslstmthe
processing of large quantities of combustible materials.

As further illustrated in Fig. 1, system 10 also includes turbine 56, generator

30 60, and the necessary equipment required to couple the arc furnace-melter unit
thereto. For example, system 10 preferably includes hot gas cleaning equipment 40,
waste heat recovery unit 72, and air 48 and water 68 injection systems. While not
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shown in Fig 1(a), 2 feed condmonmg process for waste matenal 26 in feed system
20mayalsobeuulmedpnortobemgfedtofumace12 Inaddmontotheumts

shown in Fig l(a), it may be desuable to mcotpomne an off-gas scrubbing process

forgasesennngclean—upunnmorthegasﬁredmrbmetommweanyacxdgases
therefrom. Prefembly,theonlygascondmonmgtequuedforthegasesemungarc
ﬁxmacelzlsgas-sohdsepamuonmhotgasclean-upumtdotom:mmnzetheamoum
ofpamculatesmtenngmrbmeﬁ __

_ megaseeprodueedmfurmcelzarecombumblegasesfotmedasatesultof
fastpymlysxs Asdiscussedhemn fastpyrolymgemllyresultsmatleastﬁ%
convemonofwmematemlmauwfnlgasforcombushon Arcﬁxmacenuuhzed'
maecordancewuhthepmsentinvenuonthuspmwdesagascontamngabout 2%
cubondmxlde Mwaonmano:dde 43%hydrogen,2%methancandthebalance
bemghghthydmeubons mgaspmducedmfumacenumspomdthrough
hne30tohotgasclunupumt40whereash421smmovedandthussepantedfmm
fuel gas 44.

mmkewammcompmmﬁandw%mnngoompm“mybe
dxvxdedmtosevemldeliverymeams Forexample air flow 50a is fed to combustor
52andurﬂow50bmayhefedtofumce12 _
_ Fuelgas“ememcombumrsz:ndeombmmthmﬂa Hotgasesand
steamﬂprodneedmemnbnstorndnvesmrbmeﬁwhmchlscomeetedto
gmmmmﬁmchthuemtyﬂnsthuebygenm Turbine 56 is
pmfemblyahaghdﬁmentsteam—unmdgasmrbme. Suchmrbmesm
eommemallyavnhble
| Tommself-poweredopetmon espeuallyduﬁngstmup a varying amount

: ofnam:algasoroﬂxertypeofmelssmaybefedmcombustorﬂ(ormtenml

combusuonengmessasshownmmg l(b) -

Wateraemerssymmﬂmughpumpﬁtohutmoverymumsystem
2, ie., aheatmhmgerwhuehentﬁomhotwtbinemgas&exchangestoﬂow
70. Exhaustnnsseparawdﬁomsteam%mhmwvaystwnsyswmn

Steam%xspreferablyrecycledasmm?&towrbme%andassteamsﬂtoaxr

ﬂow 50b as shown in Fig l(a) respective
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Referring now to Fig 1(b), a process similar to that shown in Fig. 1(a) is
illustrated except that compressor 46, combustor 52 and gas turbine 56 are replaced
by an internal combustion engine 55. Intermal combustion engine 55 may be easier
to utilize and may be more cost efficient than a compressor-gas turbine, especially
for small tunable plasma-melter elecn'oconversxon units. Air 50a and auxiliary fuel
33 may be fed to internal combustion engine 55 in a predetermined manner based on
the composition of fuel gas 44. Pfefenbly, the efficiency of engine 85 provides
sufficient electricity for all or substantially all of the electrical power required for the
tunable plasma-melter electroconversion unit.

While not intended to be limiting, internal combustion engine 55 is preferably
operated in a very lean mode, i.e., a high ratio of air to fuel with hydrogen-carbon
monoxide gas as fuel. In this manner, electricity may be produced from hydrogen-
rich gas. By operating with low equivalence ratios (fuel/air ratios relative to
stoichiometric ratios) in a range of about 0.5-0.6, production of NO, may be greatly
reduced, i.e. by factors of more than 100 relative to stoichiometric operation.
Hydrocarbon and carbon monoxide emissions should also be very low.

Spark ignition internal combustion engines are advantageous in that such
engines are less expensive for very small units and are easier to start and stop than
turbines. To facilitate production of a desired level of electrical power, particularly
during startup, an auxiliary power such as hydrogen-rich gas, propane, natural gas
or diesel fuel'may be used topowerthé internal combustion engine. The amount of
auxiliary fuel may vary depending on the composition of the waste stream, ie. the
heating value of the incoming waste material and the amount of combustible material
in the waste material and the power requirements for waste processing.

An alternative, preferred embodiment of the invention is shown in Figs. 4-8.

b

integrated and operated simultanecusly in a single glass melt, but are isolated
electrically from one another through the use of a special power delivery circuit.
The arc plasma-melter combination illustrated in Figs. 4(a)~(c) and § is thus
integmedboththennally;ndelecﬁigally, while the arc plasma furnaces coupled to
the joule heated melters illustrated in Figs. 1(s), 1(b) and 2 are thermally coupled in
one direction, i.e., heat in the molten bath in the joule heated melter is not used to
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heat the molten bath that forms the major part of the current path in the arc plasma
The fnﬂy'inwgrhted pla'kma—meiter systems in sccordance with thé present
invention provide the advamage of having continuously tunable proporuons of power
between the plasma heating and the glass melter heating ‘For example, the
continuously tunable mdependent powering is useful when it is desirable to utilize
one portion of the system, e.g. the arc plasma or the melter The contmuously
tunable independent powenng provides robustriess and facilitates ease of operation
under changing condmons The continuously tunable mdependent powenng
additionally improves efficiency and maximizes envuonmunal attractiveness by
provndmgaddmonalconuol oversohd wasteproducts eg ghss, andoffgas
generation. '

Conunuouslymnablemdependentopmmnofﬂwu'cphsmaandmelter
anowsﬂwusertoseleavaﬂoustypesofheaung Foremmple,themplasma (or
plasmas) provides radiative surfaceheaung Iargeamountsofplasmapowermaybe
used at the initiation of feeding. Someéwhat lower, but still substantial amounts of
plasmapowamayheused during continucus feeding. Highsmfacewaste
tunpemﬂneheﬂngfacihumhghthmughputpmg aswellasfastpymlysisto

pmducehlghqualityemnbusdbbgas mghmﬁacehemugmalsoneededfor
pmcessmgwherethematmal:sdifﬁculttumeltorwhenthemﬂemlrsmghly

conductive, thereby limitlngthceffechveness ofjoule heatmg thh glass in the
absence of arc plasma. '
Ioulehemngwnhglmmelterelemodespmvmdeep volumemcheatmg
mwpeofhmnsinwmpmdnmofmshquﬂnyshssbypmmomsmxmsm
the entire melt pool. Italsopmvndesconductivemawnalformorestabhtransfer

“ar¢ dpStation. Tndepmdentuseofvohmhuungmayalsobeuﬁlmdto

munmnthewastemamoltenmalowpowerreqummentswhentbmxsno
feed. Volumetric heating is also important for glass pouring '
Comnuouslymnab!eindepmdaupowenngofphsmaheanngandghss

' melterheahngfacnhtamthcunofmwlumemehemngforputpom ofglass

pounngorimpxovedgmsproducuon withontmcmmgtheadversecffectsofonly
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plasma heating such as excessive volatilization of material and thermal stressing of
the furnace wall. :

In addition to continuously tunable independent powering during processing
of a given type of waste stream, the tunable feature of the mtegmted plasma melter
unit may be used to optimize processing ofd:ffemnttypes of waste streams. For
example, municipal waste streams may generally require lower relative amounts of

plasma power than would streams that have high melting temperature materials and

10

15

20

« @ dR

larger amounts of metals such as hazardous and industrial wastes composed largely
of inorganic substances.

The use of volumetric melter heating also facilitates a greater range of
options for plasma electrode configurations. - Because volumetric melter heating
maintains material in a substantially molten and conductive state, more than one
plasma electrode may readily be utilized. This is in part due to the molten material
providing the conducting path between the electrodes. It is thus readily possible to
continuously tune operation for the use of one or more plasma electrodes. The
increased flexibility may be used to optimize production of combustible gas,
minimize particulate emission and reduce electrode wear.

Continuously tunable independent powering of the plasma and melter heating
systems thus provides a greatly expanded amount of temperature control. Spatial
and temporal control of temperature which had not been previously available may be
used to improve the practicality and environmental attractiveness of combined arc
plasma and melter vitrification systems. '

‘As discussed herein, theﬂxnmtegmnon ofajoulehuwdmelmmththearc
plasma in accordance with the present invention also facilitates the use of an

~ clongated melt chamber with two arc plasma electrodes. The molten material is

capable of providing a conducting or current path between the two arc plasma
electrodes. This configuration significantly increases flexibility of waste feed and
slag tapping and increases arc plasma electrode life and robustness. The two arc

 plasma electrode-elongated chamber arrangement is facilitated by the joule heated

melter because the joule heated melter is capable of providing the necessary heat to
maintain a conducting path between the two arc plasma electrodes during idle
famace periods and also provides uniform heating in the elongated melt chamber.
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'l'he embodunents ofthe mvenuon :hown in Figs 4-8 mclude a circuit
arrangement which allows passage of the required AC power through the melt using
submergedehcuodesasmmndardconvenmmljonlehutedmelters and which
alsoanowssnmultam:sopuauonofaDCarcplasmacnuntthmghthemeh
betweenuppermovableelecmdesor,lfdasued _between these electrodes and/or a

. submergedcounterelectrode Thetypeofwamandthechmaeroftbemolwnslag

wmdetermmethepmferredopennngmode . -- :
Tlxeintegmedarcplasma—melﬁermnt%ﬂxsshownmﬁgs 4(:) 4(d) and

includes reaction vessel 302. Itshouldbeapprecxatedthatthejmleheatedmelter
famhtawspmducnonofah:ghquahtypymlymgasumgthemimmumenergymput
to the process. Thissimatinneﬁstsbeeauseencrgympmwthemdoesnotneedto
begreaterthanthatmquuedtoprymlyzeandmeltthemmmlmthemzone The
moltenbathbelowtheunmdtedfeedmatemlumumamedatdeshedtunpemmre _
usmgjoulehanngasopposedmusmgonlyanarcplamaﬁnmce Air/oxygen
and/or a combination of air and steam is added to eliminate char from the melt
surfaceandadjustthemdoxmoftheglass. “The joule heated melter provides
energy fi.e. hot giass) near the sides of the bath where the gas/steam mixture is
introduced. Integrated unit 300 may also inchude auxiliary heater 320.

~ Reaction vessel 302 includes top 302a, bottom 302b, and sides 302c and
302d WMbmayhaveagmnyV-shapedconﬁgunmuﬂlumatedm
Fig. 4. Rumnvmdm&nhermludesatlastone:ponoropemngmdafor
introducing waste material 330 into reaction vessel 302. In a preferred
embodiment, reaction vessel 302 includes a plirality of ports or openings 304a and
304b as shown in Figs. 4(a) - 4(d). Pon8304aind304bmyinclndeaﬂow '
conmlvalveorthelihewoonuolﬁwﬂowofwmmﬁalmintovessel 302

R .

'andwpmemmfmmenwnngvmlmmgh 1t is also preferred that

such ports 304a and 304b be capable of being controlled such that one or more can

| beselecuvelyuﬁlmdsepamelyorsmulnnemmlywithomoranmhu Reaction

vessel302:lsomcludesasponoropenmg306mdmetallslagpounngponor
opening 310. Asdisws_sgd_above.thhmfezencewng_l(a),gasmnng.ﬁompon

306 preferably will eater lins 30 (as shown in Figs. 1(a) and 1(b)).and will be sent

to a scrubber, turbine or the like for further processing. Port 306 is provided with a
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flow control valve or the like to so that gas formed in reaction vessel 302 may be

‘selectively released into line 30. Metal/slag port 310 operates in a manner similar to

that of port 28 shown in Fig. 1(a). In particular, port 310 is designed to have a
flowoonu'olvalveorthelikesothat.metalandlorslagmayberemovedand
introduced into metal/slag collector 312 at predetermined periods of time during the
process. When hazardous waste is being processed, it may be desirable to have
collector 312 sealably connected to port 310 in a manner such that air and/or gases
do not enter or exit the system therethrough.

Chamber 320 functions similarly to auxiliary heater 90 shown in Fig. 2. In
particular, due to differences in specific gravity, metal in metal/slag layer 332 moves
toward bottom 302b in vessel 302, Siag in metal/slag layer 332 exits through
opening or port 326a into conduit 326. It should be appreciated that conduit 326
may be positioned similar to any of the configurations as shown and described with
reference to conduit 98 in Figs. 2(a) - 2(e). Slag 334 is heated further by chamber
322a and 322b for a time sufficient to provide a homogeneous slag product. Slag
334 then passes through slag pouring conduit 324 and port 328, thereby exiting
chamber 320 into siag collector 336. When hazardous waste is being processed, it
may be desirable to have collector 336 sealably connected to port 328 in a manner
such that air and/or gases do not enter or exit the system therethrough.

Reaction vessel 302 also includes a plurality of AC joule heating electrodes
308a and 308b. As further shown in Fig. 4(a), electrodes 308a and 308b may be
positioned across from one another on sides 302¢ and 302d, respectively. In
addition, electrodes 308a-308b are positioned 50 as to be submerged in the slag 332
mix whea the process is in use. |

Fig. 4(b) illustrates an alternative arrangement for the positioning of

. « = electrodes 308a and 308b in accordance with the present invention. The positioning

30

of electrodes 308a and 308b as illustrated in Fig. 4(b) facilitates replacement of the
electrodes. In particular, this type of arrangement allows replacement of electrodes
without the necessity of draining the furnace hearth. Draining the furnace hearth is
undesuablcasltoftendegndesthehmngofthefumce Aeeordmgly,placmg
electrodes 308a and 308b at angles 3093 and 309b respectively, while
amulnnwuslypmvenungtheempeorrelaseofguﬁcﬂimesthemphcememof
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electrodesasneeded Whﬂenottobeconstmodashmxung angles309:and309b

| ofdeﬂmdes%md%rg}aﬁvemthemwwemmormesoﬂheﬁmm

are preferably between about 30° 45°. It may also be desirable to utilize metallic
elecnndesoreoatedgmphiteelecuodesforthejouleheatedmelter Electrodes 338
maybepomuomdatanyanglesohngastheymposmomdonanimemrfaceof
the hearth. marcphsmaelecu'odeorelecuodesmprefenblyformedof
graphite. Theporuonoftheelecuodelengthjustabwemebommoftheelecuode
maybecoatedwdecmsethemteoferosm Y :
Asfunhershownmm 4(b),ACpoweredjoulehemngelecmde308(a)
mdsmm)mpmfmblymsemdthmughsidessozcandsomofﬁnmaeesoz
xupecuvely As mentioned above, mmmmammmve
mﬂ:emeeuvemtemrnde:dﬂwﬁnmaoemprefmblyhuwmabmt%%?
Thewpendofeachelemadeprefemblymndsoutsidethemeulhcﬁnuce
enclosumandmybecappedwithmebctnalconnechonwhchwmbeelecmﬂy
msulatedﬁomtheelemwygmundedﬁ:maceshen ‘l'hebommendofeach
electrodelsxmmersedbeneahmemolwnbathtoademddcmh By selecting the
pmperloeanonofthepomtofmoftheelectmdebelowﬂnsmfaceofthemelt
mpmuonoftheelecuodewﬂlbemposedtotheDCatcormduuonﬁomtmsm,
therebymctusmgthehfeoﬂhism _ . :
Whenntuneeessarytorephceelectmdeﬁ&amdlorm the spent
electrodemmthdnwnﬁomthemohmbath Ifaneweleetrodelsmsemdmtothe

'bathwnhmtpreheaungtheebmde tllecoldelecn'odemyuusethevxscoslty of

themoltmbathtomcmsewhemtheelectrodeconmﬂiemolmbath thereby
malungntdifficulttomertt!usnewelecﬂodeiﬁothemoltenbam Accordingly, it
maybedeunbletoalsoelecnieaﬂyenerglnthmelecnodebyusingaspeciﬂ
electnmllylsolmd cununﬁmtedpowermpplywhwhwﬂlufdypmvm
addmonalheatatthejumﬁonofﬂwbathandﬂueelecuodemfuuypmitmmemng
the new electrode into the bath. Inapmfenedbodxment suitable electrical and

'themalmsuhnonmayalsobepmvidedweachelecmdesothateachelecuodewﬂl

bemsuhtedboththermanyandelecmnyﬁomthemetalﬁcﬁnnmenclm
during normal operation,
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Fig. 4(c) illustrates another embodiment of the present invention in which
magnetic coils 315a and 315b may be utilized for inductive heating and/or mixing.
In order to provide the optimum rate of melting commensurate with the particular
waste stream being introduced into the combined DC arc plasma-melter, additional
sumngormnxmgbeyondthatnomallyprodueedbythemelterpomonofthe
fumaceandtheDCampomonofthafumacemaybedesuable This may be
accomplished by the addition of strategically placed magnetic coils such as coils
315a and 315b to create greater J x B forces which in turn causes additional mixing
and/or heating in the molten bath. Coils 315a and 315b may be positioned within
the metal shell of the furnace, but behind the refractory lining of the melt pool.
Alternatively, if the furnace shill is fabricated of non-magnetic stainless steel such as
304L or 316 grade, the coils may be placed on the exterior of the shell. Coils 315a
and 315b are connected to an AC power supply source. The frequency of the power
supply source may vary depending on the material. This enhancement of bath
mxmgmanenmpleofthetypeof tunmg wh:chmaymcreaseﬁ:maceelecuode
life and waste throughput.

The same features of tunability of the mix of the surface and volume heating

: thatapplytotheuseofajonlcheatqdmell:erapp_lytotheus_eoftheinductively

. & i

30

heated melter in conjunction with the plasma. In a preferred embodiment, inductive
heating capabilitics are provided with the arc plasma-joule heated melter system as
shown in Fig. 4(c). For some types of waste processing, it may be desirable to
operate with only arc_phsmadndipdncﬁve heating. A representative system of this
embodiment would be the same as that illustrated in Fig. 4(c) without joule heating
electrodes. It should be appreciated that magnetic coils may also be utilized for
inductive heating and/or mixing in conjunction with the arc plasma-melter
combinations illustrated in Figs. 1(a) and 1(b). In these embodiments, the arc
plasma fumace and the joule heated melter are each provided with coils. In this
manner,thecoilsnsedwiththearcplasmaﬁxmaeemaybe'opemedandcontroﬂed
independent of the coils used in connection with the joule heated matter.

Fig. 4(d) illustrates another embodiment of the present invention in which an
alternative configuration of the plasma melter process incorporates a secondary
thermal boost system 307. 'l'hissyktemmaybeanucplasminacimmberto
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provide the necessary thermal energy to further crack condensable fractions exiting

- the pnmary plasma-melter pmoess As shown in lﬂg 4(d) for example, secondary

" thermalboostsystemmmaybeplacedproxrmatetoorwuhmportsoﬁ

10

15

20

Conversmofwastetoelecmeelenergyfortheplasmamelﬁerproeess
dependsonmsxunumconvemonofsolidsndhqmdwaswnogaseouspmductgas
In pyrolysls processes, a pomon ofthe exmng gas may contain condensables that are
hghttomedmmwelghtorls lfthegasexmngthepﬂmaryplamamelterchamber
is allowed to cool, hquefacnonofapomonoftheoff-gasmayresnltduetome
condensablespreseotatﬁ:mwetempemuxres 'l‘hesecondaryplasmaoff—gas
chamberensumsthattheseoﬂsmconveﬂedmnomondemhlembusnblegases
mulhngmanenhaneedrecoveryofenergyvalneﬁomthemcommgwaste
materials.

Whensecondaryplasmactnmberso?upommedasshownmng 4(d), the
gasexmngﬂrepnmaryﬁxrmcechamberdoesnotdecreuemtempenmxebefore
entering the secondary plasma chamber 307because the two systems are drrectly

. eoupled Th:smmmwestheovenllenergyreqmrementsforthecmchngand

Inaddmontoenhancedenexgymcoverymthegaseousefﬂuentofmearc
plasma melter process, theplamoff-gaschmbermmnhereﬁmmatesmnc
specresthatarenotdemyedmthepnmaryﬁmeechamber 'I'lnsenhancesthe _
effecnvmessofthepmcesswdemoyaﬂpmcumorspecressnchuforthefonnauon

' ofﬁmsanddxonns Addmonally,whenu'eunngvolaﬂlemdsemvohuletoxrc

organics, thesecondaryplasmachambercaneffectwelydemoyalltoxmspecres

' Beauseancondenublespeueseldungthefumaeemconvertedtoab\m'ble

gasmthcsecondaryplumaclmmber secondarywastegeneranonxsminunized It
shouldbeappredmeddmthcphsmaoff-gaschambermynmdwaysberequued
butmaybemdependenﬂyconuolleddunngtheprocess N
DCeleetrodes314aand314bareprov1dedwnhmreacuonvesselasshownm
Fig. 4(a)or4(b) Asshowninmg 5, electmdes314aand314bsupplyarc344

' whrchcomwtsfeedmatenalm Oneormoreaddmomlelectrodesmmaybe
' provrdeasshowninngs.ttorSmchthatposmveH) 340:ndneganve(-)342

outputs are formed thereby.
This Sheet Has Been Reﬂlaced
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One eonﬁgumioﬁ of integrated system 300 involves the use of capacitors 356
and a specific arrangement in the distribution of power. As shown in Fig. §, a
single phase joule heated arc plasma-melter 302 having a single pair of electrodes
314 and 338 for arc 314 is illustrated. Preferably, the joule heated portion of melter
302 utilizes AC power supply 346 while the arc portion of melter 302 utilizes DC
power supply 348. | |

The preferred embodiment shown in Fig. § utilizes the combination of the
DC and AC power systems 346, 348 respectively, supplying power to electrodes in
the single vessel or melter tank 302 in which waste material 330 is undergoing
treatment by a conversion process, including vitrification. A special circuit is
necessary because DC arc current 314, 338 will interact with joule heating AC
electrodes 308a, 308b unless special steps are taken to prevent such interaction with
and failure of the transformers which provide power to the joule heating electrodes.
This circuit allows fully independent control of the arc plasma and joule heated
melter. ' | _

If single- phase, two-phase, or three-phase AC arcing electrodes-are utilized
instead of DC arcing electrodes, there may still be interaction between the AC arc
circuit and the joule heating AC circuit. While the AC-AC interaction is quite
complex, there are many dependent interactions which can occur, and under these
circumstances, it is often difficult to control localized heating and electrode erosion.
Accordingly, it is preferred to utilize a DC arc circuit in combination with a joule
heated AC circuit. :

DCpowusupplymincludesmducmrm primary winding 362, secondary
windings, 366a, 366b and 366¢ and saturable reactors 364a, 364b and 36dc.
Primary winding 362 is preferably delta. Saturable reactors 364a, 364b and 364c

- » = are connected in series respectively with secondary windings 366a, 366b and 366c¢.

If DC current 348 passes thronghwastemateﬁalssoandslag/metalmelt
pool 332 having submerged joule heating AC electrodes 308a, 308b connected

directly to the terminals of transformer 352 with no means of blocking the flow of

DC current 348 through the windings of transformer 352, the core of transformer
352 saturates. This results in increased current in primary winding 350 of
uansformerSSanusingmnsformC:SSZtofailinaveryshortﬁmepeﬁod. In
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order to sxmultaneously Operate the arc plasma and the joule heated melter in vessel

302, it therefore is necessary to continue to pass AC current 346 through melt pool
332 for joule lwating,' while simuitancously blocking DC current flow 348.

Capacxtor356|sunhudtoblockDCcnmnt348andpassACcumnt346
Capacitor 356 ptefenblymcommtedmsenesw:thuchmformersecondary
wmdmg354mo:dertobalancethewmntmeachofthephasesoverawxdemnge
ofﬁlmaceoperahngeondmons. Asfurtlmshowninl"lg 8, capacitor 356 is
connectedtosecondaxywmdmgw whlchlsconnectedtosamrablemctorsss
Figs. 6(:) and 6(b) show a circuit arrangement which is suitable for use in
the present invention. In particular, three phase AC power supply 346 is illustrated

in Fig. 6(a) while DC power supply 348 is illustrated in Fig. 6(b). The circuit

mcludesthemducnnceofachACcumpathmvesselormemrmasreﬂecwd
thmughtheemlmACpowersymm thenon-hnmrmnmnceofthewmm
path through melt pool or molten bath 332, the electrode interfaces, the power feed
cables, and secondary windings 372a, 372b and 372¢ of transformer 376 and the
magnitude of the capacitance of capacitors 370a, 370b and 370c which is connected
as a series clement in the joule heating furnace circuit. | AC power 346 also includes
primary winding 350, saturable reactors 374a, 374b and 374c and electrodes 368a-
368f._Sammblemcton3743-374cmconmctedmmecﬁvelytoaecomhry
windings 3722-372c. o
BeuusetheACcunmtlsmlysmnsmdalmacmuthavmgmseneswnh

a nonfhnur resistor such as the joule heating furnace circuit, it is possible to excite
several harmonic frequencies other than 60 Hertz, which are superimposed on the 60 |

Hmaih_ewavq supplied by the utility company. In this circuit, it is important to

_account for the non-linear resistance and to specify the electrical components to

achieve adequate damping and therefore stable operation. It is also important that
thevoltage,qm'ent andcwnncenungsofthecapamtormmhthatﬂlesenu
resomﬁequencyofthemmesymmmductamatthefummelecuodesmsuch
thatthelowenvaheofrenmnceasseenatthesesameelecuodeswhenloohngmm
the fornace plus the effective 60 Hertz resistance is equal to or greater than 1.5 and
preferably 2 times greater than the (L/C)"? where L is the total inductance of the
power system and C is the capacitance of capacitors 3702, 370b and 370c. The total

......
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effective resistance R should be 2 times (L/C)'? , but any resonant rise in current is
negligible if this is 1.5 times (L/C)'?,

As shown in Fig. 6(b),DCelectnml system 348 may have a power
transformer with a wye or delta secondary winding 384a-384c. Primary winding

5 382 is preferably delta. As also shown in Fig. 6(b), the power rectifier is preferably
a three-phase full wave rectifier. The rectifier may be a current controlled thyristor
rectifier as shown in Fig. 3(a), i.e., a silicon-controlled rectifier in which the anode-
catliodecungntisconuoﬂedbyaiignnlappliedmathirdelecmde. Alternatively,
the rectifier may be three-phase full wave diode rectifier with the DC current control

10 tommntamthedwredDCcunentsnchasthatﬂlumtedeig 3®). Ifa
thyristor rectifier is utilized, it is important that a full-rated current floating diode be
placedacmssDCoutwttenmmalsS"lﬂa,S’le It is not necessary to add a DC
*floating” or clampmg dmdewhenusmgathree—phasemcnﬁersmcethedlodesm
therectiﬁerwnllsufﬁce

15 ForaDCamfumaee,itisprefembletouseathme-phasefnllwavedmde
mcuﬁerwnhsm;mblerucwrcontml%ém Regardless of which type of
power supply is used, it is important that an inductor is connected in series with the
DCpowerleadvihich'unotgmunded. 'l'lﬁsmcﬁorisnwessarytompidlysupply
theenergywhenthefumeondiﬁonsateuchthattheDCarcvolugesuddeuly

20 mcmses |

IfthebommofthemsideoffumaceormelterSOZnsmadeofsumble
refractory such as ceramic or the like and is a poor electrical conductor when hot,
ewnterelecuodeSSﬂmaybeformedbydepmgapomonofﬂxeﬂoorofﬁlmace
302 between joule heating electrodes 368a-368f and then slightly elevating the

25 molten metal drain tube so that a pool of metal remains in this depression in the

- « & fumnace floor even after the metal is drained. This metal may act as a counter
elecmde380fortheACjoulehaungcucuuandmaysmmltaneouslybeusedasa
DC arc circuit electrode.

Metallic furnace bottom electrode 380 may be connected using various

30  configurations such as that shown by the circuit diagrams in Fig. 60). In any case,
it is preferred to have one or more electrodes through the bottom of the furnace or
melter. The electrodes may be graphite or metal. It should be noted that the

PCT/US96/01283
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cxrcmtsmFig.G(b)andng 8mspectwelymcludeswitches388and436msenes
thhtheelecmealconnecmntometalhcelecmde&()andm Thefuncuonof
thesesw:tchesistopermntheDCucormmopemmmelthertheuansferor

" non-transfer mode or a combmation of both modes snmultaneonsly

Ifthephyswalcmﬁgummnofﬁnmaoem(showninm 4-5)1ssn1table
fortheuseoftwoindq!mdmtlyposmonedcomlhbleelecuodes thentthCam
electrodes and the AC joule hutmg electrodes may be opemed s:mnltaneously with

'mdemmemalele@calmtemchonbutwﬂhbeneﬁcnﬂmncnonforvmﬁcauonof

alltypesofwaste mcludmghawdouswamsandhospiulwaste
s ¢l ¢ """"”'onsmﬁlmaceorvessel 400shownmthe
embodunentsofthemvenuonmmgs 7(a)and7(b)mmmbleforuseformmote
control of installations. Fig. 7 ﬂlnstmes two sketches showmg different plan views
for the furnace construction. Eig.?(a)showsanelongmdeonsmwuonwlﬁlemg.
7(b) shows a round construction. Wlulebothconﬁgunuonsmuseone,two,or
moresohdgmpmedecmdes,itnspmfemdtomtheelongmdcmﬁgummnmth
twoelectrodes(asshownmﬁg 7(a)),smcethnsdengnlmds1tselfwtwosepame
small diameter electrode elevating systems, each housed in its own cyhndneal
enclosure. Anyoranofmejonlehamgehcmdesmmrmbeoomecmm
memmpﬁmummdmmmﬁfoﬂheDCmsym Joule
heanngelectmdeswmyahobecomectedinmthhelemdem In
thxsuse.swimhm:ulsomludedushownmm G(b) Byadjusﬂngthe
mmﬁACwnemmhthaitspukvaluoexceedsﬂmtvalueofDCmcunent
cmedbymleheaﬁngelecmda%-lﬂf ﬂmewﬂlalwaysbeacumntreversal
whlchwxllwndwminimizepohnnuonattlmeelecmdes
Dependmguponthetypeofwmmateﬁalbungpmcessed itmaybe
JesuabtweonnectncpowersnpplymsymmmmAcmehaﬁng
ehctrodeﬂh,ﬂhandﬂk,whchmtheelecmdeseomctedtoACupwmrs
416:-416cmpecuvelyandwhichareusedtoblockDCwmﬂowthmughthe
seeondarywmdmgﬂlSMlScofthetxmsfonncnasshownmmg 8. The
connecnonofDCpowermpplyllZandACpowersupplyﬂOmdwgmtedmmg
8 as line 438. Thereasonforumgthlscmnemonxstopmvidethreeaddmonalbc
counter electrodes closer to the surface of meltpoo1332dunngwa1mupofthe
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furnace so that neutral DC transfer current 428 can flow and assist in stabilizing the
positive (+) and negative (-) DC arcs before the material directly above the counter
electrode on the hearth has become sufficiently hot to conduct sufficient DC current

'toassxstmstabxhzauonoftheDCarcs

Itxsalsodesmblewhavethmeswuchesﬂ«mcinseneswnhtheneuual
andelectmde422a,422band422cmordertooonuulthemagnmdeoftheDCand
AC current between electrodes 422a-422f. AC power supply system 410 includes

| primary winding 414 secondary windings 418a-418c connected respectively to

saturable reactors 420a-420c. DC power supply 412 includes inductors 424a, 424b
and secondary windings 430a-430c connected respectively to saturable reactors 432a-
432c.

JouleheahngACpowersnpply4lOofaghssmelttankpmv1desnear
consnmmeltwmperammthroughmnghssnnk,therebyminimizingsimg
constraints for the arc, i.e..arcpower,elecu'odedmmeter,andthehke. The DC
arc is primarily present in the furnace-meiter for feed rate enhancement. This makes
this newly configured melter technology more flexible than any other available
vitrification system. The arc supplies the energy in the unmelted overburden of
incoming feed, and the joule heated portion of the melter system maintains the hot
glass pool to insure complete dissolution and mixing of the glass mixture.

If the arc technology was used alone, the electrode hearth diameter ratio
would have to be large to ensure that the contents of the hearth is melted sufficiently
not only at the center of the hearth, but also at the walls of the hearth. The size of
the hearth therefore would be limited due to practical Limitations on electrode

" diameter. When the hearth or glass tank is joule heated, however, this limitation no

longer exists and the tank can be sized to insure the residence time is adequate for

. « = complete mixing and dissolution of all glass components.

If the melter technology were employed without the arc, the feed rates would
be much lower due to limitations in heat transfer from the melt pool to the unmelted
feed above the molten glass. To accommodate large throughput requirements, the
tandardappmachlstomcmsethemeltsurfaceam Accordingly, for a given
pmcessmgme,thejoulehatedmelterwmﬂdneedtobemuchlugerthanthe
combined arc melt system of the present invention. The present invention utilizes

§
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the benefits of both the DC arc and AC joule heated melter technologies, and does
so in a single optimized system. | S |

Multiple arc electrodes may be used to surt or restart tlus oombmed system,
but once the melt is heated, ]oule heatmg may be used to mamtam a molten bath
dunnglongldhngpenods Th:smeansthattheammaybemmatednnmedmtelym

the transferred modeforstanormsmnofarcopemnons

Theoombmauonoftheamphsmaﬁnmceandplﬂeheatedmelmerm
acoordanoewnhmepmsentinvenuonpmvxdesamethodofqumklylwaungfeed
wastematenal:emlungmhngherprocessmgmtesforagwensizedpmoess The
fast heating rate also results in the production of a higher qualny of pymlysls gas.
Moreenetgyxsxecoveredandthetearelesspollutantsmthegasemxssmns .
Additionally, the joule heated melwr of the present mvenuon prov:des a latger
reservoir with demonstmﬁed nuxmg topmduee a homogeneous glass product with
veryh:ghstabnhty ’l'hxslsbeneﬁcmlsmoevm'iﬁedglasspmductismbleover
geolog:ctimefmnes Seeeg Bueltetal In&mWnﬁmﬂonofﬂmurmic

Wastes: System Muadon andAppIica:iom Assessmem, PNL~4800 Supplement 1,

Pacific Northwest I.abomory, Rxchland WA (1987) Addnionally, the present
invention provides funher volume reducnon through the vntnﬁcauon of the ash as
comparedthhthatashthatwwldbegenmﬁedfmmmcmmﬁonalone See,
Chapman, C., Evaluation o Wtrijlng Mwﬂdpal Incinemtor Ash, Ceramic Nuclear
WasteMmagememIV Cenmlc‘l'musaotlons GG Wicks, Ed., Vol 23, pp.223-
231, American Ceramic Socxety (1991) o

As discussed above, the present mventxou prowdes a method which facilitates

' t’astpyrolysls Fastpymlysls results mapyrolyusgashavmglﬁgherpumythan
other means of pymlysns. The high purity gas facihtates use thh reoently developed
“high’efficiency small gas turbine technology, thexeby sngmﬁoanﬂy increasing

efﬁclencyascomparedmtheouvenuoml sleammrbmesanddecmsmgtheumtslze
oftheturbinerequi:ed mDCmpmvndesaMghwmpmmheatsoumeto
accomplish the fast pyrolysis effectively. Graef, & al., Praduct Di.m'ibmion in the
Rapid Pyrolysis of Bioma.wleignin for Produczion of Acetylene, Blomass asa
Nonfossil Fuel Source, American Chemical Socxety (1981) has shown that under
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conditions such as those found in a plasma furnace, municipal solid waste can be
pyrolyzed into a gaseous product as shown in Table 1.

Table 1. Gas Composition from Pyrolysis of MSW in Plasma Fumace.

| Normal Pyrolysls
Percent Conversion to 45% - 50%
useful gas for combustion _ | ——
Fast Pyrolysis Normal Pyrolysis
2% 10%
4% | 50%
43% | trace
2% 38%
Light HC's bal bal
HHV (BTU/SCF) 350-400 300-350

It is important to note that in comparing normal pyrolysis to that of fast
pyrolysis, a greater fraction of the incoming waste is converted to gas. Thermal or-

| normal pyrolysis promotes liquefaction giving only 45-50% conversion to pyrolysis

gases, while fast pyrolysis has gas yields of greater than 65%. Fast pyrolysis of
municipal waste has been demonstrated using a water cooled, metal plasma torch,
See, Carter, et al., Municipal Solid Waste Feasibility of Gasification with Plasma
Arc, Industrial and Environmensal Applications of Plasma, Proceedings of the First
Intcmamnal EPRI Plasma Symposmm (May 1990). In the partial oxidation mode of
operation, the resldue from both tcchmques is oxidized to offset the pyrolysis energy
requuemems

The pyrolysxs gases produced in accordance with the present invention are
well suited for combustion in a state of the art, high efficiency gas turbine generator.
With the efficiency of new gas turbine-combined cycle systems approaching 50%,
the presem method of waste-to-eliergy conversion provides an effective alternative to
standard waste incinefators. Under favorable conditions, the incinerator-steam
generator systems achieve 15-20% efficiency in the conversion of the potential
energy contained in the waste to usable electric energy.
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An illustrative eompanson of the complete waste conversmn system of the

'presentmvenuontotlmtofstanduﬂmcmmtorsteam genemorsystemsxs

summarized in Table 2.

‘Table2.  Relative Energy Balances and Net Cost Information for Arc Furnace
and Joule Heated Melter vs. Standudlncmemor Stenm Generator
Technology
(Basis = 1 ton MSW).

Arc Furnace-Melter _
| Energy requirements to | 2.1x10°BTU = | —

| BV inIncoming MSW | 1x1°BTU - |1x10'BTU |
| Losscs ~ fsaxwfBTU 00 |8.8x10°BTU
| HVinExitingGas _ |ox10BTU | —
Efficiency for clectrical 04 - 015

2200

22.00

-15.00 to 75.00

.(+) 7.00 w(-) 53.00

_ Anassumpnmumadeforthecompmsonofthetwowchnologles namely
mxmmummmapm&wdemmmmeofmepMmuoms
.auseﬁﬂpmduet,althwghnovaluehasbwuasngnedtotheglassform
comparison. Atannmmum,however th:smatemhsastablenonhamﬂous
matemltl\atcanbeeasllydupoaedofmmynon-haurdonslmdfill It is also

assnmedﬂlatthemunmpalsohdwasteMSW)mmneramremployedmah:gMy

populatedamsuchastheNonheaaemUmwdSmespmducesashthatexthermust
besmppedwastandardlmdﬁllorahauxdouswastelandﬁll Energyandeostare
givenpertonofMSmeeeesedMedoncumnﬂyavaihbledm |
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The energy requirements to operate the system are given in a relative bases,
i.e., the value shown as “energy requirements to operate system” for the arc
furnace-melter is that in excess of what is required for the incinerator. The
incoming heating value of the waste is a composite value from multiple references.

5 Seee.g., Carter, et al., Municipal Solid Waste Feasibility of Gasification with
Plasma Arc, Industrial and Environmental Applications of Plasma, Proceedings of
the First International EPRI Plasma Symposium (May 1990); Renewable Energy-
Sources for Fuels and Energy, Johansson, Editor, Island Press, Washington, D.C.
(1993); and Clean Energy from Waste & Coal, Khan, Editor, American Chemical

10 Society Symposium Series, American Chemical Society, Washington, D.C. (Aug.
1991, published 1993). The net energy produced for either option was determined
using a 40% and 15% efficiency for the arc furnace-melter-gas turbine generator,
and incinerator-boiler-steam turbine generator options, respectively. See, Clean
Energy from Waste & Coal, Khan, Editor, American Chemical Society Symposium -

15 Series, American Chemical Society, Washington, D.C. (Aug. 1991, published
1993); and Perry’s Chemical Engineers’ Handbook, 6th Ed., Ch. 26. The losses
presented in Table 2 are the difference between incoming heat value in the waste and
the energy input minus the net energy out. Losses for the incinerator option are
higher due to the inefficiencies of the combination of the boiler and steam generator

20 as opposed to pyrolysis gas fired turbine generators. See, Perry’s Chemical
Engineers’ Handbook, 6th Ed., Ch. 26. The disposal costs for the ash represent
values obtained from literature and data currently available from waste handling
facilities. See e.g., Recycling and Incineration, Dension, et al., Ed., Island Press,
Washington, D.C. (1990). If new rulings and current trends involving the handling

25 of ash as a hazardous waste continue, the disposal costs would be in the high end of

- « «-the range given in Table 2. Under these circumstances, the present invention of
utilizing the arc furnace-melter combination provides an additional advantage over
the prior art.

It should be appreciated by those skilled in the art that the specific

30 embodiments disclosed above may readily be utilized as a basis for modifying or
designing other structures for carrying out the same purpose of the present invention.
It should also be realized by those skilled in the art that such equivalent
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constructions do not depan from the spmt and scope of the i invention as set forth in
the appended clauns o

. ¢ a5 -
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WHAT IS CLAIMED 18:
1. A waste conversion unit, comprising:

an arc plasma furnace having at least one electrode in a predetermined
position therein; and
5 a joule heated melter coupled to the arc plasma fumnace.

2. The waste conversion unit as defined in claim 1, wherein the arc plasma
furnace is capable of providing a predominant source of heat for material to be
treated in the unit relative to the joule heated melter.
10 |
3. The waste conversion unit as defined in claim 1, wherein the melter is
- directly coupled to the furnace. |

4. The waste conversion unit as defined in claim 1, wherein the at least one
15 electrode is a graphite electrode.

5. Thewasteconversionunitasdef’medinclaim4,wherein_theatlustone
electrode operates with an AC arc.

20 6. The waste conversion unit as defined in claim 4, wherein the at least one
electrode operates with a DC arc. |

7.  The waste conversion unit as defined as defined in claim 4, 5, or 6, wherein
the at least one electrode includes-apmteétivecoating.
25
. v« 8. - The waste conversion unit as defined in claim 4, 5 or 6, further including an
auxiliary heating unit coupled to the joule heated melter. .

9. The waste conversion unit as defined in claim 1, wherein the furnace includes
30 an interior refractory lining along the periphery of the furnace.
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10.  The waste conversion unit as defined in claim 9, wherein the refractory is
formed of ceramic.

PCT/US96/01283

11.  The waste conversion unit as deﬁned in claun 1, wherem the melter is joule
heatedbyanACpowersupplyswrce

'12.  The waste conversmn umt as deﬁned in clalm 11, wherem the AC power

includes apluraluyofelecmdesatpmdmnmnedposmonsmﬂwmelter

13. newasteconversxonumtasdeﬁnedmchmu wl:eremtwoelectmdesare
posmonedontwoslde surfaces ofthemelwratpmdetemmed dxmncesfroma
bottom surface of the melter. '

14. ’!'hewasteconverswnumtasmdinclnml?o ﬁmhermcludmgan
electrode positioned pmxmmmthebmmmﬂaceofthemelter

15.  The waste conversion unit as defined in claim 1, wherein the melter is joule
by D pome

16. Awmconversmumt,compnsmg _
auansferamplamaﬂlmacehavmgatleastoneelecu'odemapmdem:mmed

position therein; and _ _ |
a joule heated melter coupled to the arc plasma fumnace.

17. Thewasteconvmmumtasdeﬁnedmcluml(: wherein the transfer arc

‘phs:ﬁa“mmwe:scapableofpmvndmgapmdommmwnmeofhwformatemlto

heuuwdmtheunitmhnvewthejoulehatedmelwr

18. A system for converting 'wa_ste n_:ateri"al, con_nprising;
an arc plasma furnace, the arc plasma furnace comprising:
at least one arc plasma clectrode in a predetermined position therein;
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a first discharge port positioned to discharge metal from the furnace;
and ' _ |
~ a second discharge port positioned to discharge gases and slag from
the furnace;
a joule heated melter attached to the arc plasma furnace, the melter including
a gas discharge port positioned to discharge gases therefrom, and a slag discharge
port in a predetermined position therein;
means for feeding the waste material innb the arc plasma furnace such that a
metal layer, a slag layer and a gaseous phase is formed in the arc furnace;
a gas clean-up unit attached to the melter, the gas clean-up unit capable of
separating the gaseous phase from the melter into fuel gas and particulate matter;
a combustor attached to the gas clean-up unit;
means for providing air to the system at a predetermined rate;
a turbine attached to the combustor;
a generator attached to the turbine; and
a heat recovery steam system attached to the turbine.

19.  The waste conversion system as defined in claim 18, wherein the melter is
directly coupled to the arc plasma furnace.

20. The waste conversion system as defined in claim 18, wherein the at least one
arc plasma electrode is a graphite electrode.

21.  The waste conversion system as defined in claim 20, wherein at least one arc
plasma electrode is a graphite electrode. '

22.  The waste conversion system as defined in claim 20, wherein the at least one
arc plasma electrode operates with a DC arc.

23. The waste conversion unit as defined in claims 20, 21 or 22, wherein the at
least one arc plasma electrode includes a protective coating.
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24.  The waste ®Wmim sysm as defmed m cla:m 19, 20, 21 or 22, further

~ including an auxiliary heating unit coupled to the joule heated melter.

25.  The waste conversion sys_tem.as defined in claim 18, wherein the funace

.includes an interior refractory lining along the periphery of the furnace.

26.  The waste conversion system as defined in claim 25, wherein the refractory is
formed of ceramic.

27.  The waste conversion system as defined in claim 18, wherein the melter is
joule heated by an AC power supply source.

28.  The waste conversion system as defined in claim 27, wherein the AC power
supply source includes a plurality of electrodes at predetermined positions in the
melter.

29.  The waste conversion. system as defined in claim 18, wherein the melter is
Jjoule heated by a DC power supply source.

30. A process for converting waste mategial, ‘comprising:

@ mmducingthewmmatmalmmanarcplasmapouhmedwnhman
arcplasmafumacehawngﬁrstandseconddiscbargepoﬂsatpredetermmed
posmomtherem

®) contacungthewastematem!withthemplasmawhmbythewaste

mate:iaiissepa_ntedmtoamﬂalhyer,aslaghyerandagaseousphue,

(c)  feeding the gasecus phase and the slag layer through the second
discharge port from the arc plasma fumnace to a joule heated melter connected to the
arcplasmaﬂ:mace,thejouleheatadmelterhavmggasandshgduchargepons
positioned therein; and

(d) mmmgtheshghyermthejoulehatedmelterforaptedmrmmed

il
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31.  The process as defined in claim 30, wherein the arc plasma includes at least
one electrode.

32.  The process as defined in claim 31, wherein the at least one arc plasma
electrode is a graphite electrode.

33.  The process as defined in claim 31 or 32, wherein the at least one electrode
includes a protective coating.

-34.  The process as defined in claim 30, wherein the separation includes fast

pyrolysis.

35.  The process as defined in claim 30 or 34, wherein the gaseous phase includes
at Jeast one of: hydrogen, carbon monoxide, methane, carbon dioxide and light
hydrocarbons

36. The process as defined in claim 30 or 34, wherein the slag layer contains

glass.

37.  The process as defined in claim 36, wherein the slag layer is removed from
the melter and is formed into a vitrified product.

38.  The process as defined in claim 37, wheminthevitﬁﬁedptoductissuiuble
for use in construction of roads.

- « @ 39. -The process as defined in claim 37, wherein the vitrified product is suitable

30

for use as a component in building blocks.

40.  The process as defined in claim 37, wherein the vitrified product is a
nonleachable product suitable for storage in a landfill,

This; —
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41.  The process as defined in claim 30, wherein the waste material is municipal
solid waste.

4. The process as defined in claim 30, wherein the waste material is hazardous
waste. |

43.  The process as defined in claim 30, wherein the waste material is hospital
waste.

44.  The process as defined in claim 30, further including removing the metal
layer from the arc plasma furnace,

45. mepmcessasdefmedmclamw furthermcludmg _
) mnovmgthegaseousphasefmmthegasdnschargeportmthemelter

46. The process as defined in claim 45, ﬁmhermcludmg
| o uunngmegaseousphasemagasclean-upsymmsuchthn
particulates in the gaseous phase are separated therefrom and a fuel gas is thereby

| provided;

(g) feedmgtheﬁnelgastoacombusmr B

(h) introducing air into the combustor substantially sunultaneously with
step(g),wherebycombusﬂonpmductsmformedfmmthefuelgasmdﬂwaxrand

@ feedingthecombusnonpmductstoamrbuwgemm whereby the
combustionpmductsdnvetheturbmegenmwrtogenemeelectncny

47, " e process as defined in claim 46, whercin the turbine gencrator includes 2

steam or water injected gas turbine.

48, Thepmcessasdeﬁnedmclmm% whemmthsptocess further includes:

@) feedmggasesfmmthemrbmegermtortoascmbbertommoveacld
gases therefrom.
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49.  The process as defined in claim 48, wherein the turbine generator includes a
steam or water injected gas turbine.

50. A process for converting waste material, comprising:

5 (a) introducing the waste matenal into an arc plasma fumace having first
and second discharge ports at predetennmed positions therein and at least one arc
plasma electrode positioned therein;

(b)  contacting the waste material with the arc plasma electrode such that
the waste material is separated into a metal layer, aslighyerandagaseons phase;
10 (c) feeding the gaseous phase and the slag layer through the second
discharge port in the fumace 0 a joule heated melter connected to the arc plasma
furnace, the joule heated melter having gas and slag discharge ports at pi'edetemined
positions therein; _
(@  mixing the slag layer in the joule heated melter for a predetermined
15 time period, thereby producing a slag product;
(¢) removing the gaseous phase from the melter through the gas discharge
port therein; '
()  treating the gaseous phase in a gas clean-up system such that
particulates in the gaseous phase are separated therefrom and a fuel gas is provided
20 thereby,
(g) feeding the fuel gas to a combustor;
()  introducing air into the combustor substantially simultaneously with
step (g), whereby combustion products are formed from the fuel gas and the air; and
@ feeding the combustion products to a turbine generator, wherebythe
25 combustion products dnve the trbine genemtor to genente electricity.
. .- -
51.  An integrated arc plasma-joule heated melter unit suitable for use with a
common molten pool, the unit comprising:
means forgenenﬁnganarcplasmaontopbforwithintheoommonmolten
30 pool; and
means for providing Joule heating in the common molten pool.
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52, A fully mtegmed tunable arc phsma-;oule huwdmclter waste conversion
unit for use with a common molten pool, the unit comprising:

a first power supply source capableofgenenunganmplasmahetweenat
leastonearcplasmaelectmdeandthecommonmolmnpool thearcplasmabemgon
topoforwnhmtheoomonmolwnpool and

' asecondpowersupply soureeeapableofpmvndmgjonlehanngmthe

-common molten pool;

whemmﬂleﬁrstandsecondpowersupplysoumesamamnged such that the
first and second power supply sources are capable of simultaneous independently '
controllable operation without detrimental electrical interaction with one another,
while using conducting paths in the common moltea pooL.

53.  Tbe fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein the second power supply source 1s an AC power supply
source, comprising:
' atmnsformerhavingapnmarywmdmgandatlustonesecondarywmdmg
having first and second ends, theuansformercommdtoaphmhtyofjoule
huungelectmdes
atleastoneapacuorconnecwdmseneswnhtheﬁrstmdofmhsecondary
winding of the transformer; and
atlustoneamablemcﬁorcomecwdmmmththesecondendofuch
secondary winding of the transformer.

54. The fnlly mwgmed tunable arc plasma~_|wle lmted melter waste conversion
umtofclaimsz wheremtheﬁrstpowersupplysoumeuaDCpowermpply

R

source.

S5.  The fully integrated tunable arc plasma-joule heated melter waste conversion

unit of claim 52, wherein the number of arc plasma electrodes is two.

56. The fully mtegmed tunable arc piasma-ioiﬂe heated melter waste conversion
unit of claim 52, wherein the number of arc plasma electrodes is greater than two.
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57.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein six joule heating clectrodes arc positioned in the unit, the
six joule heating electrodes forming first, second and third independent power supply

circuits.

58.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein the unit is in the form of an elongated chamber.

59.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 58, wherein the number of arc plasma electrodes is two.

60. The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 58, wherein the number of arc plasma electrodes is greater than two.

61.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 59, wherein six joule hieating electrodes are positioned in the elongated
chamber, the six joule heating electrodes forming first, second and third independent
power supply circuits.

62. The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein the first power supply source is a DC power supply source
comprising:
a transformer having at least one secondary winding;
" at least one saturable reactor having a first end and a second end, the first
end of the saturable reactor connected to the at least one secondary winding;
- rectification means having an AC input and a DC output, the AC input in
electrical contact with the second end of the at least one saturable reactor;
an inductor having a first end and a second end, the first end in electrical
contact with the DC output of the rectification means; and
at least one plasma arc ¢lectrode having an arc end and a connection end, the
connection end in electrical contact with the second end of the inductor, the arc end
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positioned to be capable of genemtmg thearc plasma on top of or within the
common molten pool..

63. The fully integrated mnable arc plasma-jtimle heated melter waste conversion

unit of claim 52, further including at least one metal discharge port and at least one

slag discharge port in predetermined positions in the unit.

64. Thefuﬂymtegmtedmnableamphsma—;oulehemdmelterwasteconvemon
umtofclaxm63 wheremthemetalduchargeport:spoahonedpmxmmtoa
bottom surface of the unit.

65; The fuily integrated tunable arc plasma-joule heated melter waste: conversion

| 'unitbfclaim63 wheteintheslagdischargepoﬂeandsnpwudlyata

predetermmedmglemlauvetoasldesurfaceoftheumandwheremtheshg
d:schargeponxspouhmedbetweenatorbelowalwelaboveabouomsmfaceof
tbeumtandhelowtbemrfaneofthecommonmolﬁenpool

66.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 65, ﬁmhermcludmganauxiharyhemngchamberamhedtotheslag
d:scharge port. -

67.  The fully integrated tunable arc plasma-joule heatedmelter waste conversion
unit of claim 52, wherein the at least one arc plasma electrode is a graphite
electrode.

P ' :
68.  The fully-integrated tunable arc plasma-joule heated melter waste conversion

unit of claim 67, wherein the at least one arc plasma electrode includes a protective
coating. '

69. The fully intograted tunable arc plasmasjoule heated melter waste conversion

unit of claim 52, further including a plurality of inductive heating and/or mixing

coils in a predetermined position relative to the unit.
' This Sheet Has Been RTlaced _
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70. The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, further including at least two joule heating electrodes in
predetermined positions in the unit and at predetermined distances from a bottom
surface of the unit. - |

71. A system for converting waste material to useful energy and/or solid product,
the system comprising:

a fully integrated arc plasma-joule heated melter waste converslon unit for
use with a common molten pool, the unit comprising:

10 (@)  a first power supply source capable of generating an arc plasma
betweenatleastonearcphsmaelectmdeandthecommonmoltenpool the arc
plasmabemgontopoformthmthecommonmoltenpool

M)  a second power supply-source capable of providing joule
heating to the molten pool;

15 wherein the first and second power supply sources are arranged such that the
first and second power supply sources are capable of simultaneous independently
controllable operation without detrimental electrical interaction with one another
while using conducting paths in the common moltea pool; |

(c) afirst discharge port positioned to discharge gases from the

20 unit; '

(&)  a second discharge port positioned to discharge metal from the
unit; and - .

(¢)  a third discharge port positioned to discharge slag from the
unit; o .

25 means for feeding the waste material into the waste conversion unit such that

. « & a metal layer, a slag layer and a gaseous phase is formed in the unit upon contact
with the arc plasma; ' |

" a gas clean-up unit attached to the unit, the gas clean-up unit capable of
separating the gases discharged from the unit into fuel gas and particulate matter;

30 a gas turbine electricity generating unit attached to the clean-up unit, the gas
turbine electricity generating unit capable of utilizing the fuel gas from the clean-up

unit to produce electricity; and -—
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means for introducing a predetermined amount of auxiliary fuel at a

predetermined rate into the gas turbine electricity generating unit.

72.  The waste conversion system of claim 71, wherein the auxiliary fuel is

_heatingoil,diesclfue_lcrnat_um_lgas.

73.  The waste conversion system of claim 71, whesein the gas turbine electricity
generating unit is replaced by an internal combustion engine-generator unit.

74. mewastecmvemonsymmofclaxm'n whemtheauxﬂiatyﬁlelxs
heating oil, diesel fuel or natural gas. |

75.  The waste conversion system of claim 71, wherein the first power supply
source is a DC poiver supply source comprising: _

a transformer having at least one secondary winding;

at least one saturable reactor having a first end and a second end, the first
end of the saturable reactor connected 1o the at least one secondary winding;

rectification means baving an AC input and a DC output, the AC input in
clectrical contact with the second end of the at least one saturable reactor;

an inductor baving a first ead and a second end, the first end in electrical
contact with the DC output of the rectification means; and _

at least one plasma arc electrode having an arc end and a connection end, the

connection end in electrical contact with the second end of the inductor, the arc end

positioned to be capable of generating the arc plasma on top of or within the
common molten pool.
o s o A - B

76.  The waste conversion system of claim 71, wherein the second power supply
soureensanACpowermpplysourcecompnsmg _ :
amsformerhawngapnmarywmdmgandatleastomsecomrywmdmg
havingﬁrstandsecondgnds the transformer connected to a plurality of joule
heating electrodes; '
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at'least_one capacitor connected in series with the first end of the secondary
winding of the transformer; and |
at least one saturable rcactbr connected in series with the second end of the
secondary winding of the transformer.

77.  The waste conversion system of claim 76, wherein the first power supply
source is 2 DC power supply source.

78.  The waste conversion system of claim 77, wherein the DC power supply
10 source comprises: |
a transformer having at least one secondary winding;
at least one saturable reactor having a first end and a second end, the first
end of the saturable reactor connected to the at least one secondary winding;
rectification means having an AC input and a DC output, the AC input in
15 electrical contact with the second end of the at least one saturable reactor;
an inductor having a first end and a second end, the first end in electrical
contact with the DC output of the rectification means; and
atleastonephsmaarcelecuodebavihganarcendandaconmcﬁonend,the
connection end in electrical contact with the second end of the inductor, the arc end
20 positioned to be capable of generating the arc plasma on top of or within the
common molten pool.

79.  The waste conversion system of claim 71, further including at least one metal
discharge port and at least one slag discharge port in predetermined positions in the
25 system.
. - | |
80. The waste conversion system of claim 79, wherein the metal discharge port is
positioned proximate 10 a bottom surface of the unit. |

30 8l1. "l‘heiwast_e conversion system of claim 79, wherein the slag discharge port
extends upwardly at a predetermined angle relative to a side surface of the unit and
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wherein the slag dnscharge port is positioned between _a:_.or below 2 level above a
bottom surface of the unit and below the surface of the common molten pool.

82. The waste conversion System of claim 81, further iricluding an auxiliary
heating chamber attached to the slag discharge pon.

83.  The waste conversion system of claim 71, wherein the unit is in the form of

an elongated chamber.

84.  The waste conversion system of claim 71, wherein the number of arc plasma
electrodes is two. | |

85.  The waste conversion system of claim 71, wherein the number of arc plasma
electrodes is greater than two.

8. The waste conversion system of claim 71, wherein six joule heating
electrodes areposmonedmtheunit, thes:xjouleheaungehcu'odesformmgﬁrst,
secondandthxrdmdependentpowersupply circuits.

87.  The waste conversion system of claim 71, wherein the at least one arc plasma

electrode is a graphite electrode.

8. Thewasteconverslonsystemofclmmm whcremthcatlmstoneamplasma

electrodemcluduapmtecuvecoanng

"'89'.‘ Anarcphsma-jouleheawdmelterwasteconvemon umtforusevntha

common molten pool the unit compnsmg
' aﬁrstpowersupp]ysoumeeapableofgenenunganarcplasmausmganam
plasmamhmanonuansfemdmode thearcplasmatomhmaptedetermmed
posmonabovethecommonmoltenpoolsuchthatthearcphsmacmnedbytwo
elecnodesoftheplasmamhisgemtedabovetheeommonmoltenpool and
a second power supply source capable of providing joule heating in the

on molten pool. - ' This Sheet Has Been Replaced
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