
REPLACED SHEETS SG .,:,··. 
/ --..,...~~·''"'';...,·.":·.+----------·----

..k'.'.I uescrlption : paged ... !.. . to· paged .. ~3. .. 
JZ(clai:-n(~) : p:.0s:l ... ~~. to !}c.gcd .JJ .. 

WOH/24441 D ,...~_,,._.;~,..(~1 • r<=.--:-:-~i - t _..,,.....,d -
-..JIW .... , • .:.;\w/ • ,. ....... _,...-..J .,. ••••• .., !J-;;,;v ••••••• PCT/IJSMI01213 

s 

10 

IS 

0 A!::is!r::.:t : r:;:::~.;d ... :: .. to p:tgzd .. ::. ... 

TUNABLE, SELF-POWERED INTEGRATED ARC PLASMA-MELTER 
VITRIFICATION SYSTEM FOR WASTE TREATMENT AND RBSOURCE 

RECOVERY 

TECHNICAL FIELD 
'lbe present invention genenlly relates to systems for wute conversion, and 

more panicularly to independendy controllable arc plasma-joule heated melter 
combinations as integrated systems to provide a tunable waste tn:atmcnt and power 
production facility. 

BACICGR.OUND OF THE INVENTION 
1be disposal of municipal solid waste (MSW) and other waste bas become a 

major issue over the past few decades due to space limitations for landfills and 

problems associated with siting new incbaators. In addition, incmued 
20 environmental awareness bas resulted in a m~or concern of many large metropolitan 

areas and to the countty u a whole to insure that the disposal of solid wute is 
properly bandied. SU e.g., USA BPA, The Solid Waste Dilemma: An Agenda for 
Action, BPA/530-SW-89-019, Washington, D.C. (1989). 

Attempts have been made to reduce the volume and recover the eDeJ1Y 
2S content of MSW tbmugh incineration and cogeneration. 1bc standani waste-to­

anergy incinerator will pmeess the solid combusta"ble fraction of the waste suam, 
produce steam to drive a steam tmbine, and u a result of the combusdoli process 
produce a waste uh material. TJpically, the uh is buried in a munidpal. landftll. 
Current trends and nicent mlinp, however, may requim such material to be shiPPed 

30 to landfiDs permitted for hazardous waste. This will substantially increase ash · 

~!8Ja.costs . .)loreover, there is incieased publlc concern about gaseous emis~s 
from landfills and the poasibDity of ccmtamination of groundwater. Another 
disadvantage associated with incinerator systems is tJie pmduction of larae quantities 

of gaseous emissions resultin1 in the need for costly air pollution coniml Systems in 
35 an attempt to decrease emission levels to comply with requirements imposed by 

regulatory agencies. 
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. "' 
WOH/24441 PCl'JUSH/01283 

-2-

In order to oveicome the shortcominp 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 

S volume of gaseous products fonned from the plasma arc torch may be significantly 

less than the volume pmduced during typical fncineJalion or combustion, fewer toxic 

materials are in the gaseous pmducts, and under some circumstances the waste 

material can be glassified. 

For example, U.S. Patent No. S,280, 757 to Carter et al. discloses the use of 

10 a plasma arc torch in a reactor vessel to psify municipal solid waste. A product 

having a medium quality ps and a slag with a lower toxic element leachability is 

produced thereby. 

U.S. Patent No. 4,644,877 to Barton tt al. relates to pyrolytic destruction of 

polychlorinated biphenyls (PCBa) using a plasma arc torch. Waste materials are 

15 atomiml and immed by a pluma arc torch and am then cooled and recombined into 

gas and particulate matter in a reaction chamber. U.S. Patent No. 4,431,612 to Bell 

tt al. discusses a hollow graphite elcctrode transfer arc plasma furnace for treatment 

of huardous wastes such u PCBs. 

A proceas for remecfiadon of 1ead-coJl1amina soil and waste battery 

20 material is discloaed in U.S. Pateat No. 5,284,503 to Bitler tt al. A vitrified slag is 

formed from the son. Combustible gas and volatizecl lead, which are formed from 

the waste battery casings, are pmferably transferred to and used as a fuel for a 

conventional smelting furnace. 

The systems propmed by Balton tt al., Bell ti al., Carter et al., and Bider et 

2S al. have significant disadvantages. For example, such disadvantages include 

· · · •.._insufficient heating, mixing·anct JeSideDce time to insuR high quality, nonleacbable 

glass production for a wide :ranae of waste feeds. Addidonally, hearth size and 

feeder design are significantly limited since furnace walls must be relatively close to 

the arc plasma which is the only heat somce. High thermal suas on the walls of 

30 the fumace often occurs u a result of the limitation on the hearth me. 
Prior art arc plasma fumacea with melal electrodes further may be limited by 

short electrode lifetime when used at higher DC current. Therefore, to .achieve 
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higher poWel' output, the ate potcDtial must be raUed by ienjthelling the arc. This 
results in radiative thermal loases to the·fuinace side.walls and'leads to ~etal 
electrode (torch) ineffectiveness. In additiont there are often dil&u1ties associated 

. ' 

with prior art transfer arc plasnlu in· start-up and mStaiting .of slich arc.plasma 

S systems when cold, norielectrically coDducdng mate1W is being p~sed. 
Thus, while such prior art attempts havo beml uidUI, them remains a need in 

the art for a robust, easy to operate waste con~ system wbicb minimms 
hamdous gaseoua emissions and which maximizes cODVersion of a wide l3Dge of 

solid waste into useful energy and produces a prodUct am.an wbiCh is in a safe, 
. · .. 

10 stable fonn. fOr commerclal. use or which does not requite. special hazardous waste 

considemtions for disjJoial. It would ·therefore be delirlbic to ~·a robust, user 
friendly and highly flexible method and apparams for.processing and converting a 

. wide mnge of waste materials into useml energy and .stabie pmducts while 

minimizing bazanlous glseous emissions, thereby overcOming the sbmtcomings 
15 associated with the prior art. 

SUMMARY oF nm INVENTloN 
It is an object of the pment inventkm to provide a method and apparatus for 

incmlsed convenion of solid· waste materials mcb a. municipal and industrial waste 

20 to useftll enmgy with greatly reduced air P,D.uaon. 
It is another object of the pri:sent · ~tion to pmvide a method and 

apparatus for cOnvemng a Wide IBllF of ·Waste Dllterw.s ·ao· usefid commercial 

products or to a safe, stable product which is suitable ~r disposal. 
It is another object of tile invention to plovide a method a8d appuatus for 

2S converting waste materials using a combination of an ~y controuible arc ·- . . ... - . . .· .. ;, 
plasma and joule heated· melter u an integlatcld syatmi. 

It is still anotbm 'object of the 1nventk,n to provide a method and apparatus 
for converting waste materials using an arc pla~ · whiCh ~des heatect material to 

a joule heated melter in a dimctly coupled intecrated syiaem. 
.. . . . 

30 It is a further object of the invention to provide a method and apparams for 
converting waste materiaJs using a fuDy intepBted joule bel.tecl melter and arc 
plasma unit. 

"' 
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It is yet a further object of the invention to provide a method and apparatus 

for converting waste materials in which a joule heated melter and an arc plasma in a 

fully integrated system ue operated simultaneously with a common molten pool and 

with independent control of the power to each. 

It is yet a further object of the invention to provide a method and apparatus 

for vitrifying waste materials using a combination joule heated melter and arc plasma 

as an integrated system. 

It is still a further object of the inven~on to provide a method and apparatus 
;.t..,,., 

for converting waste materia1s using fast pyrolysis, thereby providing a high purity 

10 gas suitable for combustion. 

It is yet a fulther object of the present invention to provide a metbocl 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 internal 

combustion engine. 

lS It is still a fultber object of the invention to provide a. waste conversion unit 

that can be self-powemd 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 ps tmbine or internal combustion engine. 

These and other objects of the invention are provided by a system which is 

20 capable of pmcessing municipal solid waste (MSW), industrial waste or other waste 

forms into a stable nonleacbable product which is suitable for use commmcially or 

which can be disposed of without risk to the enviro~t. The system also 

minimizes air emissions and maximims production of a usefill gas product for the 

production of electricity. 

2S 1be pmsent invention provides a compact waste-to-eneqy processing system 

. • .._ that has the advantage of complete or substantially complete convenion . of waste 

materials into· a useful gas and a product stmam at a single location. In addition, the 

product stream may be used in a variety of commercial applications. Altematively, 

the p~ct stleam, which is in a safe, stable waste form, does not require special 

30 hazardous considerations for disposal. 

Tho combination of the arc plasma fumace and the joule heated melter as an 

integrated system with gas turbine or intemal combustion engine generating 
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equipment proVides a self-pe>Wered waste 1l'eml1ent ·and power plVduction. facility 

which is capable of being deplayed in relatively ·~ .~ uDits and which can 

be easily scaled to handle lai'ge volumes of municipal Solid Wlllte~ .•· 
The primary processing unit prefenbly includes a DC or AC electrode arc 

s plasma for heating waste material and which alsc>.·· bu joule heating capability for the 
. . 

meh p0ol. Preferably, the eiectmde arc or arcs· is a DC electrode arc or arcs with 
. . . 

electrodes fonned of graphite. 'lbe use of a DC arc . eleclrode in. combination with a 
·.· .. ::'···. :· 

special electrical circuit msums simultaneous inclePeDdeiat control of the arc plasma 

and the jC>ule heated melter. The primary mock, ot-on of the arc plasma and 

10 joule heated melter is pyrolysis (oxypn srarved operation). In a prefened 

embodiment, the system js qxnted such tbat f8st pyrolysis Occurs, thereby 

producing a gas with higher purity as compared with other medlOds of pyrolysis. 
. . . 

One embodiment of 1he bivention utilDes a combination of an arc plasma 

furnace which provides heated material. to a joule heated. ine1tef coupled to the arc 

JS plasma tmnace. Inductive heating and/or mixing coiJi may be utiliml to pmvide 

additional heating and/or mixing in the ·melt pool. 
. . . 

In another, pidemd embodiment of the present invention,. the arc plasma 
. ·- ·r 

and joule heated melter components am fully. --with a common molten pool 

such that the system is capablO of simultaneous ~y conlrollable, I.e. 

20 tunable,· Operation ~ theae COIDponoatl •. · 111e am: ~sma occun between a paphite 

electrode or electmdes and the molten D.ataial. Gnphite ii the pmfemd an: 

electrode material rather than metal amce gapbitt electrodes ~plify the process 

and since graphite has mueh bi~ current' capability thaD a .Meat' electnxle in a 

plasma torch. In addition, graphite electrodes requU_e less. maintenance relative to 

2S the ftequent tip mplacemeats of the met.I ekmode J>llsma ton:b systems. It should 

'6e ~. boWever, that Other metBmcs elements such as tunpten or the like 

may be utilized as the electnxle miterial. 

1be tunable· fully muPtect system emplOys electrical and ••nical design 

features to maximize flexibility and effecliveaess. The benefits of tms embodiment 

30 of the invention include, but aro not limited to, high pioccssing ~ for vi~ 
of a 1arge· variety. of materials into high quality, Slable, non-teaChible glass and 

reduced volume ·JeqUii'ements due to tho Degnted S)'Slall. The joule heated melter 

,, . 

.. :~>,.:~·. 
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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 iesulting in a . 

hi1h quality, homopnous 1lass product. 'Ibe m: plasma provides the necessary 

radiant surface heating for processing feed material in a highly efficient manner and 

S at signific:ant)y higher tatea than other technologies. Simultaneous independently 

controllable operation of the arc pluma and joule heated melter is provided by 

pmletermined ai'c melter configurations and electrical circuits. While not meant to 

be limiting, the arc plasma pmfmably is operated by a DC arc and the joule heated 

melter is operated by AC power. 1be DC arc and AC powe.red joule heated melter 

10 arrangement insures the ability to independently control and operate each component. 

1be use of the melter in combination with the arc pJasma provides more 
unifmm beating than prior art techniques. In addition, utilizing deep volume 

heating provided by the joule heated glass melter facilitates ease of operation. It 

also providm the constant beat aomce necessary to maintain sufficient electrical 

IS conductivity in the waste material for rapid restart of the m: pJasma which uses an 

electrical conduction path thl0u1h the waste material. Additionally, the fully 

integrated system allows the furnace· walls to be further from the arc plasma since 
there is an additional beat source pmvided. 'Ibe increase in wall distance from" the 

arc plasma increases feed options and mcluces thermal stress on the furnace lining. 

20 1be present invention also allows the use of electrodes having a long life and a very 

wide mnge of arc plasma and joule.heater power levels. 

1be independent control of the arc pl11ma and the joule heated melter power 

provides a continuously tunable mix of surface and deep volume heating, which can 
be optimized for different phases of operation. For example, additional heating may 

2S · be required for poming glass or maintaining the glass pool temperature while 

. . . .. .additiDBal surface heating may be necessary during the initiation of feeding. In 

addition, different mixes of surface and volume heatin1 aie appropriate for different 

waste stlams. The ratio of surface to deep volume beating may be less for 

municipal waste, for oxample, than for industrial waste containiq large amounts of 

30 metals and high temperature materials. 

The high quality, vitrified pmducts 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. ind incoipOrated .·into ~ mt uie in roads and the like. 

Altematively, the vitrified prodilcts may be utmmcl to replace cilider in cinder or 

·building blocks, thereby minimizing absmption of water Within the block. Further, 

the vitrif"Jed •. products may be. sc>lidifiecl tO a fiDal fc;rm which exhibits substantial 

S volume reductie>n over prior art vitrification prodw:ts. 1be solidified form is suitable 

for disposal withOut heiltb risks or risks to the envimnllient~. 
The. foiegOiDg .bls';OUtlined some Of tbe· lllOJ1'· :Pmtment objects. of the present 

invention. TheSe objects should be COlilirued to be mereiy~illUstmtive of some of the 

more prominelit featums and appli.CatiOns of the mveilttim. Many other bel1eficial 
10 results can be.attained by'ap9lying the disclOsed inVention in a dift'emnt manner of 

modifying the inventiOD ~ wm be. described. Acc()rdmgly~ other objects and a fuller 

understanding of the inVeDtlon may be bad by mfenirig. to the following Detailed 

Description of the Pld'efted Embodiments • 
. ~ 

15 

; 

mnp DEScJmittON·OF TBEi>liWINGS 
For a fuller understandiDg· of the pmsem invention, ~ is had to the 

folloWilig descriptian taken in COiljmx:tioli ·with the aCcompmymg drawings, in 

which: 

Ji'1g. l(a) is· a schematic· view of a flow· clilgnlni· illialtriting· the process and 

20 apparatus suitable for uie' in the JR1ent ~ in· wldda the me plasma provides 

heated matedal to the melter m a diiectly coupJ.ecl ~ syltmn; 
Pie· l(b) Is a sc1iematiC view of a floW diagmri lllusuating the process and 

appuatus suitable for use in altelnatiw embodim• Ot the invention in which the 

combu11m·anc1 gas turbiile engi11e·s11Rn in I'll· ica>are ieplacOd by a spade 

2S ignition or dieae1 intomal combustioit enghie; · 

· · · • 'flip. 2(1) - 2(el il1Uatrate ·a cliJectly coupled arc plaSma tUmace alid joule 
beatecl melter in accordance with the pm.em mveDlioD; ·· · · · 

Pip.· 3(a) and 3(b) illustrate DC powet sjitelD ·. ariangemel'1ts only fOr the uc 

plasma pOnion of the arc fumace and jouie·•beatecf melter· aningement · sboWn in 

30 l'lp. 2(a) - 2(e); 

I'll· 4(a) shows an altemldve ·and piefeneca emboCtimeat of the uc plasma 

furnace and joule heated m~ acconling to the present inventimi in which the 

"'. 

' .. ~.- . 
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furnace and melter are fonned as a fully integrated system with a common molten 

bath; 

Fig. 4(b) shows a fully int.egrated are plasma furnace and melter in which the 

melter portion electrodes are positioned at an angle ielative to the vertical portion of 

S the are plasma-meltor unit; 

Fig. 4(c) shows the fully integrated syscem of I'll· 4(a) with magnetic coils 

for inductive heating and mixing in accordaDce with the present invention; 

Fig. 4(d) illustrates the fully intepated sy$teln of Fig. 4(a) having a 

secondary thermal boost in acconlance with an alternative embodiment of the 

10 invention; 

Fla. 5 illustmtes a fully integrated arc plasma furnace and joule heated melter 

system with independently conttollable power delivmy 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; 

15 Fip. 7(a) and 7(b) show two plan views for electrode configurations and 

geometries for the fully integmted. ·~stelJl · sh<>wn in 111· 5; and 

Fig. 8 illustmtes a cimait diagram· having the ability to connect a portion of 

the AC electrodes that will conduct both AC. and DC according to the integlated 

system shown in Fig. 5. 

20 Similar reference characters refer to similar puts throughout the sevem1 

views of the drawings. 

DETAR.ED DESCIUPl'ION OP TBE PltEl'ERRED EMBODIMENTS 

Referring now to 111. l(a), a schematic view of the process and apparatus 

2S suitable for use in acconlance with the present invention is shown. System 10 

· · • • 41-includes a primary pmcessing unit having are plasma furnace 12 and melt chamber 

32. As .shown. in greater detail in Pia· 2, arc plasma furnace 12 is constructed such 

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

includes top 12a, bottom 12b and sides l2c and 12d. In addition, furnace 12 

30 preferably includes at least four ports, illustrated in Fig. 1 as 14, lei, 18 and 20a. 

As discussed bmem, opening 14 allows gas formed in arc fmnace 12 to be 

dischuged tluougb oponing 14· to fuel gas line 30 and processed for use as a fuel 

. ~-~ ~· 
· ••. ·J •. 

.;,..,;_;,, 
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gas. Opening or gas diacbalge port 14 may be formed of 'any cODVentional material 

which allows controlled dischalge of a combustible ps. For example and while not 

meant to be limiting, gas discbafP from furnace 12 may· be cOlltmlled by a flow 

control valve or the lite at opening 14. It is prefened that gas ctiichal'F port 14 be 

S positioned at or near top 12a of·fumace 12. AlterDadvely, ·ps discblrge port 14 

may be positioned in Chamber ·32 u ·shon in Fig. 2. 

As further shown in l'lls. l(a), l(b) and 2(a)- 2(e), opening 16 allows slag 

or glass material foDned. m foJilaCe 12. to Dow into jOule. heated nlelter 32. Flow 

through opening or pOrt 16 u pnfembly colltrOlled by ConStfuctmg ·fumice 12 to 

10 have an angled wall l2d such u that shown in Fie· 2. In this manner,·s1ag material 

36 accumulates in fUmace 12 until a ptedetemUned leVel is !eacbecl, ·forcing slag 36 

to flow over wall l2d alid mro· meltet 32. Wblle not ~ealm to be limiting, wall 12d 

may be fmmed at angle of about 4S0 a9 shown in PJI. 2~ '11le leVe1 at which slag . 

begins to flow over wall 12d into meltet 32 is~ hued on the desired 

1s residence time in the fUmac:e · aac1 the teed me foi WiSte · mateda1. This constn1ction 

also permits glass to be mmoved· continuoUSly wbde limultaneousty pmvendng 

cnt:mnce or egress o1·p1~ 

Opening or metal discharge port·· 11· 1nows metail which has formed and 

collected in furnace 12 to be discharged and sepmted ffom. the glses and slag 

20 fanned in fumace l2. DilCJiaip. port· 11 is CoDStrucaed· in any ID8iUler which is 

capable of contmlling the discbuge of molten melal material. from furnace· 12. For 

example, a flow CODtl01 valve or equipment may bo used to contml flow through 

discharge pmt 18 to metal ce>Dector •· Pnferably, oPenm1 16 is positioned on side 
12d of ftmlace 12 · aa shown in ·11p. I Ind 2 mid' metal discharge 18 is positioned at 

25 or near bottom Ub of fuinacie· 12. While not meant to be limiting, fumaee 12 may 

1fe tflsiliied suCh _tbit bOitom l2b is angled as shown in I'll· 2. 

Waste material .. eldry Port 20a a· positioned mcb that waste· iD8terial .26 is fed 

ftom waste feed syitem 20 thmugb poit 20a to mmace 12 m a <:onttolltd manner. 
While not to be conSlrUed ·as Jimifioa, port 20a dy include a flovt coiltmlvalve or 

30 the like to momtor the feed rate of waste mateiill 26~ Feeid system 20 may be any 

conventional type of feed system which is. capibte:of feeding mumCiPal 'solid waste 

or other waste such as bUa!dous waste, hospital Waste, ash· fmm an inclnerator or 

( 

. ~·...;._. 
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the like to furnace 12 so long IS the feed system does not allow air to enter the 

furnace tbJOugb the feed system. 

As shown in Pig. l(a), furnace 12 may include additional ports such as air or 

gas entry port 12e, shown in nc. l(a). Air or gas entry port 12e includes flow 

S control, such as a flow control valve or the like. Prefenbly, port 12e is positioned 

to enter through the furnace wall at a level proximate to slag material 36 IS shown in 

na. l(a). In this manner, air 50b (which may contain a predetermined amount of 

steam 80), is injected into furnace 12 at a controlled nte 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 tbmugb opening 12e to insure that any 

carbon in the feed malelia1 bas been converted to cadJon-containing gases such as 

CO, CO,, B,, ~ and the like. This reduces the amount of charring during the 

process which may JUUlt when carbon is not completely converted to carbon­

containing gasea. 

1S Refiactory 24 is udHgd to line furnace 12. Reflactory 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 

refmctory 24 may be formed of cemmic or graphite. 

Fuimce 12 includes e1ectrocle or electrodes 22, which an: preferably formed 

20 of graphite. It is pmfened to use graphite as e1ectrocle material rather than metal 

since graphite electrodes simplify the process and· haw much higher current 

capability than tholo used in a metal torch. In addition, grapbitc electrodes require 

less maintenance mlative to the frequent tip replacements of the metal ton:h systems. 

Due to the anticipated conditions in the fumace plenum involving both partial 

2S oxidizing environments and conditions promoting the water-gas ieaction: 

. • ..... c + ~o ... co+ H, at 600-1000°c, 
thete may be unacce91able consumption of gmphite without special provisions. 

1beief'OJe, graphite elecbode 22 is preferably coated with zirconia, silicon carbide, 

boron nitride or another pmtective coating to nrinimi:r.e graphite consumption and 

30 prolong useful life. Por example, when municipal solid waste containing 

carbonaceous matmia1 is fed to furnace 12, a highly endothermic reaction occurs 

·.~'... 

~ ... 

Wo'f;.', ' ... ~~-.. 
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requirlng approximately 600 kW-hounlton municipa.1 solid waste to convert 

combustible material to fuol _ ~ and i.ncomblistl1>1e .material to slag. 

Blecttode or electJOcles 22 may be operated_ wtt.h either an AC -or DC arc in 

furnace 12. n is praerred however, to .utilize a DC ~ in fu~ 12 mther than an 

S AC arc as the ~se of a DC arc enhances arc stability. and can reduce electrode 

consumption. Metal, \lllbicll may accmn~ at the:~ of furnace 12, is capable 

of being mmoved through 111eta1 ctischaqe port. 18 •• ~ 12 may also include 

one or more electrodes Na, 86b pJefelably_politioncd at or near b(Jttom 12b of 

furnace 12. 

10 Melt chamber 32, which ~ludes top 32a, bottom ~b ancl·sides 32c and 

melter 32 is heated us~-~~ AC or :pc= power. Jna.pmfemd embodiment, joule 

heated melter 32 ii heated with AC power while arc electrode 22 -utilizes DC power. 

The eneqy requhements to maintain slag 36 at-the pmpor ~ ue equal to 

IS the heat-losses from the lllelter outer •1rface. TbJ.s.bas been demonstrated to be very 

.. 

IQW, i.e., about 20-30 XW/m2. of slag or glass ~'.area forapMperly designed .. ,. 

melt chamber. One ad\l8Dlap of having .melter 32 clo-1y coupled to UC furnace 12 

is that melter 32 provides aflditioDa1 melt volume, tbelllb)' providing a longer 

residence dme in die pmcess and Mmination of melal sboJt circuiting the electrodes 

20 in the bottom of die joule heatlld_melter. 1llis ~- in a.more homogeneous slag 

or glass product which is reinovecl fmm a)'Stenl :10 by slag ~-·pc>rt 12. 

Retiactory. 34 .:IS- u a Uning for joule heated·~ 32 and may be fonn.ed 

of any material capable of withstanding tempmatUles of aboutl600°C. -Por 

example, refl8CJOI)' 34 may be fmnaed of cemmic or tbolib. Blectrocles 38a, 38b 

2S . -~ p~erably~ in melter 32 such that w• slag 36 enters melter 32, 

electlOdes 38a and 38b an salmlerpd tbomin. As:sllo1vn in Pip. J and 2 for 

example, electrode 38a .may be-placed on one slde lib of 81clter 32, ·while electrode 

38b is placed on the opposite • 3Jc of --- 32 ~ch that AC or DC current is 

capable of flowing thembetween. Pderably, electrodea 38a, 38h -~ positioned at 

30 or near the bottom 32d of melter 32. It should be noted,: how~, that any 

arrangement of e1ectrocles 38a,. 38b is suitable for use in ac:cmdance with the 

invention so long as sufftclent -cumnt is capable of passing tb.mugh slag 36. It 
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should also be noted tbat 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 Wustrated in 

Flp. 2(a) • 2(e), auxiliary heater !JO includes one or more heaters 92, conduit 98, 

S slag pourina conduit 94, port Hand slag collector 100. Wbile not to be construed 

as limiting, Pip. 2(1) • 2(e) ilhlstrate several altemalive constructions for the 

positioning of conduit 91 in auxiliary heater system '8. Slag 36 flows from melter 

32 through conduit 98, where it is heated by heaters '2. Slag 36 then flows through 

slag pouring conduit 94 to port. 9' and is discharged therefrom to slag collector 100. 

10 Port H may include a flow ccmtml valve or the like to control the discharp of slag 

3' fmm heat system to. ·Auxiliary beater system '8 is utili7.ed when it is desirable 

to decrease the viscosity of the slag in Older to maintain the slag level in the melter. 

1be auxiliary heater system also compensates for beat loss as the slag approaches the 

slag dischaqe prior to dmppina into the sJag container. As illustmted in Fig. 2, 

15 slag themforo may be coDected in CODtliners 84 and/or 100. When hazardous waste 

is being proceuecl, it may be deailable to have containerB 28, 84 and 100 .seaJably 

connected to ports 11, ·a and 9', iespectively, in a manner such that air and/or 

gases do aot enter or exit tho· system theretbrough. 

"lbe process of the present invention will now be descn"bed. Waste material 

20 26 is fed fmm feed system 20 through entry port 20a into· furnace 12. As mentioned 

above, arc fumace U pmferably includes gmphite electrode or electlOdes 22 

. operating with a DC arc. Thia manpment is particularly suitable for processing 

solid waste material into glass or slag and a uaefbl ps. 

The arc 21' in fmnace 12 ·is preferably designed to contact directly feed 

2S material 2'. Two types of power supply arrangements are suitabJe for use in the 

. . • • ~ present invention to convert three phase AC power into DC power in order to 

initiate and maintain a stable DC arc in arc furnace U. 

l'ig. 3(a) and 3(b) mustmte DC power system arrangements only for the arc 

plasma portion of the arc fumW"AS and joule heated melter anangement shown in Fig. · 

30 2. 1be joule heated melter portion of this combined system may utilir.e a 

conventional AC power system mch as those presently used by and available for 

Pacif"lC Northwest Labol'ltOries or the Department of :energy: As shown in Pig. 

·.;..t . .. :._• 

·:· .. ·. 
,:,.; 

.--~·· ,·..;1.-c 

,,·,.~··: : 
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3(a), a coDVCDtional three phase thyristor bridge type rectifier 20o with a "floating" . . .. . . 

or "clamping" dioCle 212, is mQStrated. secon&uy tmnsformer winding 204 provides 

an AC voltage to thyristOn 206&, 28'11 which rectify first phase 202a. Similarly, 

secoildary tmnsformer winding 204 provides an AC Ve>ltqe to thyristors 206c, 206d 

S which IeCtify sm>Dd·p· 202b.while secondary traiilfonner winding 204 provides 

an AC voltage to thy~rs 206e, WI which ledify third phase 202c. In this 

manner, a Jeetified pi.., designated ·as 20& in Fla. 3(~) is pmvided across points 

210a and 210b. 
. . .. 

"CJamping" diode 212 is cmmected between ( +) 218 and (·) 220 outputs of 

10 the bridge ~- illductor 214 is comiected in Bies with an. ungrounded output 

cable ~. "clampiDg" ·diode 212 and an: fumac:e 12. Inductor 214 is used to 
. . 

slipply tnnsient voltage frequently required to maintadn a stable. arc 216 during 

operation of arc furnace 12. ··· 111e function of i'clamJ)htg" diode 212 is .to provide a 

path for the current fmm inductor 214 to flow when the voltage of DC arc 216 

·· 15 exCeeds the open chalit voltage of the rectifier. 
Referring now to.Ilg. l(b), another conventional cilcuit 230 to convert thlee 

phase AC power to DC power which k suitablo for ~ in the pment invention is 
,. 

shown. Tbis type of circuit is suitable for use in suataining. a DC an: 216 in fumace 

12 and is frequently utili1.ed in De an: welding systmns. In the cln:uit •shown in 

20 I'll· 3(b), satur&b1e reactols ma. 232b and :me ~ cmmccted iD series with each 

of the three AC seCOndacy uaniformer wincfinp: and tbe thlee pbasediode iectifler 

bridge. the function of satambte n:actors 232a, 232b and ll2c is to wry the 

impedance· of the AC current path betwml. the transfqnner and tho AC input to the 

diode rectifier, theR:by pmvidblg a means to mM the desiml amount of DC 

2S ainent m arc 216 even though the an: voltage may be varying ~ rapidly. ·- .. ~ - . . . . . . . . . ·. . .. ·.· 

Secondary tansfonner windina 204 in circuit 230 shown m I'll· 3(b) may be 

wye or del1a. If secondary winding 204 is wye, ·then the primmy Winding (not 

shown in Fla· 3(b)) must be • or be wye with or without a neutral mum~ 
A •clamping". diode is not necessary in the typ9 of circuit shown in Pia· 3(b) 

30 because the diodes in the· bridge rectifier. provide this ftmction. Inductor 214 is used 
. . -

to supply the trinsient me voltage necessary in order to mailUaDi ·a stable DC an: 

216 in furnace 12. 

f 

.:,_ .. 

, ... , 
.·~ ·~= 
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lt is important that either the thyristor type or saturable reactor type of 

rectifier have a sufficiendy high open' cummt DC voltage to nonnally exceed the DC 

an: voltage. It is also important that either type of power supply must be capable of 

holding a preset magnitude of DC current while the uc voltage ranges from zero to 

S at least 90S of nonnal open chcuit rectifier voltage even if the arc voltage is 

vaeying rapidly. 

If an: fumace 12 is powmed with AC rather than DC power, then the 

samrable reactor type of ciJcuit shown in Fig. 3(b) is preferred since it will provide 

a greater degree of uc stability than a conveDtionaI thyristor type of AC switch. 

10 Contact with the are and the specif"ac gmvity of metals present in waste 

material 26 rmilts in the formation of three phases or layers in furnace 12: a metal 

layer, a slag layer and a gaseous layer. Ale furnace 12 operates in a temperature 

range of about 1400-2000°C, and preferably in the range of about 1550-1600°C 

based on the composition of the waste feed. 1be arc plasma operateS in a 

IS temperature range of about 3Soo-4S00°C. 

Metal layer or phase II accumulates by gravimetric separation in the bottom 

of· fumace bea11h 12a until a iumclent ·quantity is collected. Metal 88 is then 

discharged into a sepmte ccmtamcr through discbargc port 18. iu mentioned 

above, port 11 may be formed of any suitable material which is capable of handling 

20 meral in a temperature :mnge of about 1400-1000°C. Port 11 may also include a 

flow control valve or tbe lib to control discharge of metal 88 from furnace 12. 

Glass or slag ·3' pioduced in arc fumace 12 passes under a weir into joule heated 

mc1tcr 32 which is coupled to fumace 12~ While the openting trmpcraturo in joule 

heated melter 32 may vary depending on the composition and properties of the slag, 

2S melter 32 is preferably operated at appro:xilJlately 1200-1600°C. 
. . • • <&. 1be primary mode of oper&tion in furnace 12 and melter 32 is pyrolysis • 

However, operation in a partial oxidadon mOde may be requiml to assist in the 

processing of large quantities of combustible materials. 

As further illustrated in I'll· 1, system 10 also includes tmbine 56, generator 

30 60, and the necessary equipment ~ to couple the arc furnace-melter unit 

tllmeto. For example, iystcm 10 pmfembly includes hot gu cleaniDg equipment 40, 

waste beat recovery unit 72, and air 48 and water 68 il\jection systems. While not 
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shown in J'ia. l(a), a feed conditioning proceas for waste material 26 in feed system 

20 may also be utiliz.ed prior to being fed to furnace 12 .. · In addition to the units 
. ; . . . 

shown in Fil· l(a), it may be desirable to incoqxn:ate an off-gas scmbbing process 

for gases exiting cleln-up unit 40 or the ps firecl turbine to remove any. acid gases 

S therefrom. Preferably, the only ps·conditioniag required for the gases exiting are 

furnace 12 is gas-solid separation m bot au .clean-up.unit 40 to minimize the amount 

of particulates entering t1ldJine 5'. 
" 

1be gases produced m ~ 12 ~ combusti~le gases formed aa a result of 

fast pyrolysis. As discussed herein, fut PJfOlysis pnenlly results . in at least 6S '6 

10 conversion of waste material to a useill aas.fm' colllbuation. Arc furnace 12 utili7.ed 

in accordaDc:e .with the presc0i invention·tlm pmvides a gas cmw.umn1 about: 29' 
: ·. . . .· . : .· .· ·: . 

carbon dioxide, 44. carlJon monoxide, 43 s hydrogen, 2" methane and the balanc:e 

being light bydrocarbons. The gas Pmduced in fbmace 12 is transpmted thmugh 
. . . . . . . 

line 30 to bot ps clean up unit 40 where ub 42 is nmovecl and thus separated from 

15 fuel gas 44. 

Intake air 48 enters compmsor 4' aJKI air 50 ·exiting conpessor 4' may be 
. . .·· . ·' ·.. . . . 

divided into sevenl deliveiy ltleallls~ Por a.ample, air flow 50a is fed to combustor 

52 and air flow 50b may be fed to fumace 12. . .. 

Pue1 gas 44 eaten combustor 52 and coai.,_. with air 50a. Bot psea and 
. . . . . ' . . 

20 steam 54 piocluced in combastor 52 dri~ tUlbine 56 which .is .. cminected to 

generator '° via 58 such that electricity ... is piereby generated.. Tmbine 5' is 

prefaably a high efficient steam-iJQectecl gas tmbine.. Such turbines are 

COIDllleJCiallY available. 

To imme self-p>Wered operation, espcdally eluting startup, a varying amount 

2S . of natun1 gas ~ ~ type of fuel 53 may be M to ex>mbustor 52 (or internal 
-~.. . ..... . . ·.. ..· . . ·. . 

combustion engine 55 u shown in Jla. l(b). 

Water 8 eaters system 10 tbmugb ~ 66 .to .. ~ ~ system 

'72, i.e., a heat exchanger where heat from hot tulbine exit p 62 exchanges to flow 

70. Exhaust 74 is separated from steam 76.iD ~ rraJVery steam system 72. 

30 Steam 76 is preferably nqcled as steam 78. to tu1J>ine 56 and as steam 80 to air 

flow 50b, as shown in Fla· l(a) respettive: · · 

: .. /'• 
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Referring now to Pia· 1(b), a process similar to that shown in Pig. 1(a) is 

illustrated except that compressor 46, combustor 52 and gas turbine 5' are replaced 

by an intema1 combustion engine 55. Internal combustion engine 55 may be easier 

to utilize and may be more cost efficient than a COJDJ>ft'SSO,..ps tulbine, especially 

5 for small tunable plasma-melter electroconversion units. Air 50a and auxiliary fuel 

53 may be fed to intemal combustion engine 55 in a predetermined manner based on 

the composition of fuel ps 44. Pmfenbly, the eff°lciency of engine !5 provides 

sufficient electricity for all or substantially_ all of the electrical power required for the 

tunable plasma-melter electroconvenion unit. 

10 While not intended to be limiting, intcmal combustion engine 5! is preferably 

operated in a very lean mode, I.'·, a high ratio of air to fuel with bydmgen-calbon 

monoxide gas as fuel. In this manner, electricity may be produced from hydrogen­

rich gas. By operating with low equivalence ndios (fuel/air ratios relative to 

stoichiometric mtios) in a :nmge of about O.S-0.6, production of NO. may be greatly 

15 reduced, i.e. by facton of name than 100 ldative to stoichiometric operation. 

Hydrocalbon and carbon monoxide emissions should also be very low. 

Spark ignition Deru1 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 desiml level of electrical power, particularly 

20 during startup, an au.TIUary power ~- as hydropn-rich gas, propane, natural gas 

or diesel fuel· may be used to power the intemal combustion engine. ne amount of 

auxiliary fuel may vary depending on the composition of the waste stream, i.e. the 

beating value of the incoming_ waste material and the amount of combustible material 

in the waste material and the power n=quimnents for waste processing. 

2S An altemative, pmfemd embodiment of the invention is shown in 11p. 4-8. 

. . · • -. In this-embodiment, the DC arc and the AC joule heat.eel electrical systems are fully 

integrated and operated simultaneously. in a single glass melt, but are isoJated 

e1ectrically from one another through the use of a special power delivery cilmit. 

1be uc plasma-melter combination ma.Sllated in :rip. 4(a)-(c) and 5 is thus 

30 iDteglated both themlaily and electrically, wbilo tho arc plasma furnaces coupled to 

the joule ht.ated me1ters illustnted in llp. l(a), 1(b) and 2 are thermally coupled in 

one direction, i.e., beat in the molten bath in the joule heated melter is not used to 

~·~· .. 
:.~ ... ~~ . 
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heat the molten bath that ·fonns ·the major part of the current path· in the arc plasma 

furnace. 

1be fully integmtecl plasma-meiter systems in ·BCc:omarice{witb the present 

invention provide the adVantage of having ·contmUOully tunablC prOpoltions of power 

s between the plasma ~g and the glass melter heating~ For example, me 
continuously tunable ~dent poweriDg is· useful when it is cteshable tO utilize 

one portion of the system·~· 1.g. the arc plasma ot the melter. The continuously 

tunable independent powermg· provides. mbu~· 'and facilitates ease of operation 

under changing condi.-.. 1be contiiluously tunable mclependelit powCring 

IO additionally impn)ves efticiency and lnaXbnizes ~ental ~veness by 

providing additional cont.lot over s0lld waste products, e.g. glass, and off ps 

generation. 

Continuoualy tunable independent operation of the arc plasma and melter 

allows the user to select various types of heatin&. Fc>r· example, die ate plasma (or 

15 plasmas) provides radiative surfaee heating. Large ~ of plasma p0wer may be 

used at the initiation of feeding. Somewhat lower, b1lt stDl substantial amounts of 

plasma power may be used during contbmOus feeding. Bilh smfaCe waste 

temp8rature heatinl facililates ·high thfOughput processillg ~ well u fast pyrolysis to 

pmduce high quality combUstible ps~ High. su~ heinig is also needed for 

20 pmcessing where the matedal is difticu1t to melt ·(no· where ibe maferlat is highly 
. ·. ., 

conductive, therlby limiting the effectivCm:ss of joule heatiilg with glass in the 

absence of UC plasma. 
Joule beating with g1aa mebi' electrodeS',mvides deep, volumetric heating. 

'Ibis type of heating inmms produclioD of high qu&tity glasi by pmmodng mixing in 
. . . 

2S the entile melt pool. It alsO pmvidcs COliduedve materi81 tor. more stable uansfer 

·are tfplbdon. 1ndependent use of volumetric heating may also be utiliml to 

maintain the waste in a molten state at low power requimmellts wben there is no 

feed. Volumetric· heating is also iinponant far glass· pouring. 

Continuously tunable independent powermg· Of plasma beating and glass 

30 melter heating facilitates the use of extra volumetric heating for p..ipO&es of glass 

pouring or implOved glass production. without incfeasmg the adVene effeets' of only 

.·:." ,.:~. 

( 
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plasma heating such as excessive volatiliz.ation 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 integrated plasma melter 

S unit may be used to optimize processing of different types of waste streams. For 

example, municipal waste streams may genem11y mtuire lower relative amounts of 

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

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

of inorganic subsJances. 

10 nae use of volmnetdc melter heating also facilitates a peater range of 

options for plasma electaode configurations. Because volumetric melter heating 

maintains material in a substantially molten and conductive state, more than one 

plasma electrode may ieadily be utilized. 'l1iis is in part due to the molten material 

providing tbe conductin& path between the electrodes. It is thus readily possible to 

IS continuously tune opcntion ·for· the use of one or more plasma electrocles. · nae 
increased flexibility may be used to optimi7.e p!Oduction of combusb"ble gas, 

minimize particulate emission and mluce electrode wear. 

Continuously tunable indlpm.dent powering of the plasma and melter heating 

systems thus provides a gmatly expanded amount of temperatum contmt Spatial 

20 and temporal control of tempaatum which bad not been previously avaDable may be 

used to impmve the practicality and envimnmcnta1 attractiveness of combined arc 

plasma and melter vitriftcation systems. 

'As dlscuued hemin, the full integratioD ·of a joule heated melter with the arc 

plasma in acccmtance with the present mvention also facilitates the use of an 

2S elongated melt chamber with two m: plasma electrodes. The molten material is 

_ . • • .._ capable of provictmg·a conducting or current path between the two arc plasma 

electrodes. This configuration significantly increases flexibility of waste feed and 

slag tapping and incn:ases uc plasma electrode life and robustness. The two arc 

plasma electrocle-eloap chamber arrangement is facilitated by the joule heated 

30 melter because the joule heated melter is capable of pmviding the necessary heat to 

maintain a conducting path between the two arc plasma electrodes during idle 

furnace periods and also provideS ·uniform heating in the elongated melt chamber. 

.-_:J. 

;.:~>-

:.;:~/.' . .' . 

·.~f.·· ··: 
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The embodiments of the invention s~n in Ftp. 4:-8 inc:ludc a. circuit 
arrangement which al](Jws passage .. at the i:equilecl AC power tbl'ough the melt using 

submerged electrodes as in stanclard .coa~ joule ~.meUers, and which 

also allows shnu1taneous operation of a.~ arc plasma circuit tlmJugb the melt 

S between upper movable elcc:trocles .9J', if deshecl •. between these electrodes and/or a 

. submerged counter electttlde· 1be 'JP' .pf waste and. the character .of the molten sJag 

will determine the pmerred ~ mode· . 
. . .. . .... ·: .. 

The integnted arc plasma-melter unit 300 is sho!ln in Pip~ 4(a) - 4(d) and 

includes reaction v~ 301. It should be ~.that the joule heated melter 

10 facilitates production of a bigh quality pyrolysis. gas using ~ minimum energy input 

to the process.. 'Ibis situation exists; ~·.awqy input to tho •8':. does.not need to 

be gnsater than that required to pryrol,ze and lllflt the mateJia1 in the arc zone. The 

molten bath below tbe unme(tecl feed matolial· is maintained at desired temperature 

using joule beating as opposed to using only. an ,ac .. puma furnace, Air/oxypn 

IS and/or a combination of air and steam is added to eliminate. char from the melt . . . .·. ' ....•• ·.=. .. . . 

surface aad adjust the redox scate. of the ,._. 'lbejoule beatCcl melter provides 

enmgy (f.~. hot aJus) near the·~ .of the bath where "- gas/steam mixture is 

introcluced. Inregmted unit 300 may also incDle auxilia'Y .i.ter 320. 

Reaction vessel 302 ..- top 302a, bo1toJD 302b, and sides 3t2c and 

20 302d.. Bottom 302b ~ay have a generally V-sbaped confipration as illustmted in 

Jig. 4. Reaction veue1 302 further includos at 1eut one .port or opening 304a for 

iatroducinc waste m-.nat •.imp macdoa· ~ 302. In a prdcrrccl 

em.bodiment,. Jaetion veae1 302Jnclwtes a plulllity of ports or openings 304a and 

.304b as shown m 11p. 4(a) - 4(d). Potts ~04a and 304b may inc1udts a ftow 

2S control valve or the lib .fO.CODU'Ol tbe flow :of waste material ~·.into vessel 302 ·- ... ~ - . . . . . . 

. and to prev• air fftnn entedng vessel 382 thmduoagh. It is also pmfemd that 

such ports 304a and 304b be capable of being ~lled auch that one or more can 

be selectively ntiBzec1 .rcpmtely • sjau~ty with one or a-11er. :Reaction 

vessel 302 also includes gas.pmt or openin1·• 8Dd metal/slag pouring port or 
30 opening 310. As discussed above with mfmence. to Ila•. l(a); ps exiting fiom port 

306 prefmbly will mer line 30 (aa shown in Ftp. t(al and l(b)).and wm be sent 

to a scrubber, tUJbine or the lite for fultber processing. Port 306 is provided with a 
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flow control valve or the like to so that gas fonnecl in n:action vessel 302 may be 

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

that of port 21 shown in na. l(a). In particular, port 310 is designed to have a 

flow conttol valve or the like so that metal and/or slag may be removed and 

S introduced into mecal/slag collector 312 at pmletermined periods of time during the 

process. When hazardous waste is being pmcessed:1 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 therethmup. 
Chamber 320 functions similarly to auxiliary heater 90 shown in Fil• 2. In 

10 particular, due to diffmmcca in specific gravity, metal in metal/slag layer 332 moves 

toward bottom 302b in vessel 302. Slag in metal/slag Jayer 332 exits through 

opening or port 326a ·into conduit 326. It should be appmciated that conduit 326 

may be positioned similar to any of tbe configurations as shown and described with 

reference to conduit 98 in Ji'ip. Z(a) - 2(e). Slag 334 is heated further by chamber 

IS 322a and 322b for a time sufficient to pmvidc a homogeneous slag pmduct. Slag 

334 then passes through slag pollring conduit 324 and port 328, thereby exiting 

chamber 320 into slag collector 336. When bamdous waste is being processed, it 

may be desilable to have collector 336 sealably connectecl to port 321 in a manner 

such that air and/or gases do not en1er or exit the system ~-

. 20 Reaction vessel 302 also includes a plurality of AC joule heating elecbodes 

308a and 3Ub. As further shown in I'll· 4(a), ~ 308a and 308b may be 

positioned acmu from one another on sides 302e and 302d, iespectively. In 

addition, electmdes 308a-308b are positioned so as to be submerged in the slag 332 

mix when the pmcess is in use. 

25 :na. 4(b) illusbata an alternative arrangemen~ for the positioning of 

. . • • ~ electrodes ·308a and 308b in accordance with the present invention. The positioning 

of electmdes 3aa and 308b as illustlated in Fig. 4(b) facilitates n:placement of the 

electrodes. In particular, this type of arrangement allows nplacement of electrodes 

without the necessity of chaining the furnace hearth. Dmining the furnace hearth is 

30 undesilable as it often degrades the lining of the fuftl80I!. Accordingly, placing 

electrodes 308a and 30lb at mates 30'8 and 30th respecdvely, while 

simullaneously preventing the escape or ie1ease of gas facilitates the replacement of 

.... ·· · .. 
. ····'"''.'' 



W0"'24441 PCTIUS9&'01283 

-21-

electrodes as needed. While not to be comtrueiel as limiting, angles 309& and 309b 

of electrodes 308a ·and 308b mative to the respective interior sides of the fumace 

are pmfenbly between about.300- 45°. It may also be ~·.to udlize metallic 

electrodes or coated paplJite electrodes for the joul• .heated melter. Blccaodcs 338 
. . . · .. : . '.. . . . .. .. ~ 

s may be positioned at any angle so long u they .. are positioned on an interior face of 

the health. Tbe arc plasma electrode or~ are J)lderably ~ed of 

graphite. 1be portion of the electrode length just abqve the bott.9m of the electlOde 
. . . -:':"_" .. 

may be coated to decmase the rate of~-

As further shown in JI&. 4(b), AC po~ joule beating electiode 308(a) 

10 and 308(b) .., prefenbly inierted through sides 30k and 302d of furnace 302. 

iapecdvely. As. mentioned above, l!lliea-~· ancl 30tb of the electrodes relative 

to the iespective interior sides of the~ m prefetably ,.,.,._ about 30°- 4S0
• 

The top end of each e1ectlOde piderably axtellds OU~ the metallic fumace 

enclosure and may be capped with an '1ecUica1 connection wldch wm be electrically 

JS insulated Imm tho cleclrically grounded .ft.lmace sheU,. 1be bottom encl of each 

electrode is hnmened benealb the mol- bath to· a ~ «kptb. By selecting the 

pmper location of the point of entry of the ~ beJQW the sulface .of the melt, 

no portion of the elecbodo wD1 bo oxposed to the DC arc or radiation fmm this arc, 

thereby incieaiing the life of dds. eleclmde. 

20 When it is necessary to npJace electrode 3Qla UJd/or 308b, the spent 

electrode is withdlawn fn>m the molten ...._. If a DOTt electlode is inserted into the 

bath without pi'eheadng the electrode, .the colcl.electmde may cause tbe viscosity of 

the molten bath to increase wheJe the el~ contacts • molte.1.l bath, tlmeby 

miking it difficult to inmt this new elecbode inlo. the QIOlten batll~ Accontingly, it 

2S may be ctesmb1e to also eJeclrically ~ this·~ by .using a special . 
·-- •• 4 .- . . .. . . . .. . . . . 

electrically isolated, cummt limited power supply ... will safely provide 
. . .· . . 

additional beat at the junction of the bath and the electmde to fully pennit immening 
. .. . ' . •: . 

the new electrode into the bath. In a pmfmrecl embocfime:lat, suitable electrical and 
. :_ .. :... " 

thermal insuJalion may aJso be .pmvided IO each eleCbode SO u.t each electrode will 

30 be insulated both thennally and electrically from the metallic furnace eacloame 

during normal operation. 

. .-·:;., 
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Fil• 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 

S stirring or mixing beyond that nonnally produced by the melter portion of the 

furnace and the DC arc portion. of the furnace may be desirable. 1bis may be 

accomplished by the addition of strategically placed magnetic coils such as coils 

315a and 315b to create peater J x B forces ~bich in tum causes additional mixing 

and/or heating in the molten bath. Coils 31!a and 315b may be positioned within 

10 the metal shell of the furnace, but behind the refractory lining of the melt pool. 

Altematively, if the fumac8 shell is fabricaled 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 CODDeCttJd to an AC power supply aource. The fmquency of the power 

supply source may vary depending on the material. 'Ibis enhancement of bath 

IS mixing is an example of lhD type of •tuning• which may increase furnace electlOde 

life and waste tlumPJ>ut. 

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

that apply to the use of a joule heated melter apply to the use of the inductively 

heated melter in conjunction with the plasma. In a prefened embodiment, inductive 

20 heating capabilities an: provided with the arc plasma-joule heated melter system as 

shown in Fla· 4(c). For IOllle typeS of waste processing, it may be desinble to 

opmate with only arc plasma aDd ~active heating. A representative system of this 

embodiment would be the same u that illusuated in l'il· 4(e) without joule heating 

electrodes. It should be appm:iated that magnetic coils may also be utili:red for 

2S inductive beating and/or mixing in conjunction with the arc plasma-melter 

· - · • ..._ combinations illustrated in Pip. l(a) and t(b). In these embodiments, the arc 

plasma furnace and the joule heated melter are each provided with coJls. In this 

manner, the coils used with the arc plasma furnace may be ·open.tecl and controlled 

independent of the coDs ·used in connection with the joule heated matter. 

30 Pi&· 4(d) illustrates another embodiment of the present invention in which an 

alternative configuration of the plasma melter process incOJporates a secondary 

thermal boost system 307. This system may be an arc plasma in a chamber to 

_}!.. ii 
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pmvide the ~sary tbennal enmgy to further crack. conclensable fractions exiting 

the primary plasma-melter process. As Shown in Pia~ 4(cl) for example, secondary 

thermal boost system 307 may be placed proximate to or within. port 306. 

Conversion of waste to electr:ical eDel'I¥ for tbe plasma melter process. 

S depends oil maximum conversion of solid and liquid wastes to pseous.pmduct gas. 

Jn pyrolysis processes, a portion of the exiting gas may contain condensables that arc 

light to medium weight oDs. If the gas edtin~. the~· plasma-melter chamber 

is allowed· to· cool, liquefaction of a portion Of the off•gas may. MSUlt due to the 

condensabtes present at tulnace ~- The ~ p~a off-gas 

10 chambet ensums that these oila are converted to noncolldensible combustible gases 

iesulting in an enJwtcecl recoveiy of energy ~alue .. flOm the incoming waste 

materials. 

When secondary Plum• chamber 'Wt is positioned al shown in Ilg. 4(d), the 

gas exiting the primary fumaCe chamber does _not decmue in tempemture before 
. . .. 

IS entering the secondary plasma chamber 307 because the two systems are dimctly 

. coupled. This minimiw the overall enmgy rcquinments for the ,C11Cking and 

gasification pmcesses. 

In addition to enhanc8d enCrgy mcover)' in the gaseous effh.ent of the UC 

plasma melter pocess, ·the plasma off-ps chamber 3f17 fulther eliminates toxic 
.. . .. . . ·;: .. . =· 

20 species that are not deatroyed m Che.primary. tumace chamber. This.eabances the 

effectiveneu of the~ to deatlOy all precursor species --·as for the fonnation 
. . . 

of finans and dioxins. Additionally, when umting ·~ and. ~-volalile toxic 

~' the iecondary p~ munber can effectiveiY destmy all toxic species. 

· Because aD condemable - extth.1 the fDlllace ue c:onwrted to a combusb1>le 

2S gas in the secondary plm& chaniber, semndaiy waste genCmtion is minimiz.ed. It ·- .... ~ . ·- . ·:' ·. .· ... •... . . . . . ·. 

should be appreciated· that the plasma off-gas chamber may not always be .required~ 

DC elecUodes 3148 ancl.·314b am provided widdn n:action vessel as shown in 

Pig. 4(a) or 4(b) •.. As shown in Jla. 5, electrodes 314a and l14b.supply are 344 

30 which contacts feed materi&t 330. . One or mom addi- electlOdes 331 may be 

provide as shown in Pip. 4 or 5 such that positive ( +) 348 and negative (-) 342 

outputs. are formed tboreby •. 

"·!·.:· •. •' ...•. 

~ .. ,_·., 
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One configuration of integrated system 300 involves the use of capacitors 356 

and ·a specific amngemont ·in the distribution of power~ As shown in Fil• S, a 

single phase joule heated arc plasma-melter 302 having a single pair of electrodes 

314 and 338 for arc 314 is mustnlted. . Pmferably t the joule heated portion of melter 

S 302 utilizes AC power supply· 346· while the arc portion of melter 302 utilizes DC 

power supply 348. · 

1bc preferred embodiment shown in I'll· S uttH:ra the combination of the 

DC and AC power systems 34', 341 ·respectively, supplying power to electrodes in 

the single vessel or melter tank 302 in which waste material 330 is undergoing 

10 treatment by a conversion process, including vitrification. A special circuit is 

necessary because DC arc cumnt 314, 338 wm interact with joule heating AC 

electrodes 308a, 308b unless special steps axe taken to prevent such interaction with 

and failme of the transfonners which provide power to the joule heating electrodes. 

This circuit allows fully independent control of the arc plasma and joule heated 

IS melter. 

If single- phase, two-phase, or tluee-phase AC uclng electrodes· are utilized 

.instead of DC mag electrodea, there may still be interaction between the AC arc 

circuit and the joule headng AC cirCuit. While the.AC-AC inunction is quite 

complex, tbcrc am many depm1dent interactions which can occur, and under these 

20 circumstances, it is often difticult to control JocaHpct heating and electmde erosion. 

Accordingly, it is preferml to .utilize a DC arc circuit in combination with a joule 

heated AC cift:ait. 

DC power supply 348 includes inductor 3'0, primary winding 3'2, secondary 

Windings, 3"&, ·3'QJ and 366c and satumble mu:tors 3'4a, 3'4b and 361c. 

2S Primary winding 3'2 is preferably delta. saturable macton 364a, 364b and 364e 

. . • .. ~ are connected· in series respectively with Secondary windings 3'6a, 36'b and 366c. 

If DC cumot 341 passes through waste material 330 and slag/metal melt 

pool 332 having submeqed joule heating AC electrodes 308a, 308b connected 

· dhectly to the terminals of tranaformer 352 with no means of blocking the ftow of 

30 DC current 348 through the windings of tmnsfonner 352, the core of transformer 

352 saturates. This results in incieued cunmt m primary winding 350 of 

transfonner 352 causing transformer 352 to fail in a very short time period. In 

-:.-. 
,,:._. 
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order to simultaneously operate the arc plasnia and>thejoule i.ted melter in vessel . . '!• .. . .· . 

302, it therefom is ~ssary to continue. to ~s AC cumnt 346 through melt pool 

332 for joule heating, "bile simultaneously blqcldng DC cunmt flow 348. . . ; ·. . .... 

Capacitor 356.is utilized to bloct DC current 34' anc1 pass AC• ceammt 346. 

S Capacitor 356 prefembly is connected in .series with each transformer secondary 

winding 354 in order i9. balance ... current in.~ of. the phasos. over a wide mnge 

of fumace operating conditiom. ~ ·t\utber ~ i,n Pia. $, capacitor w is 

cmmected to secondar)' .~ 354, which is connectecl to saturable :reactor 358. 

Flp. Ci(a) ad 6(1J) show a cimJit arra.n1.at whidl is suitable for .use in 

10 the pmsent .. invention. Jn partiCLdar, tluee phase AC power supply 346 is illustnted 

in I'll· 6(a) while DC power supply 348 is mu..- in I'll· 6(b.). 1be cin:uit . .. . .· . . . . .. 

includes the inductance of each AC cumnai .,_.. in.vessel 4)1' melter 302 as. ieflected 
. . 

through the entim AC power sy..-. 346,. the ,non-Unear ms~ of the cunent 

path through melt pool or molten bath 332, the electrode interfaces, the power feed 

15 cables, and secondary windinp 3!J2a,.37Jb anct._372eoftransfonner 376 and the 

magnjtude of the capacitance of~ 37«)&, 3'7nb and 370e which is connected 

as a series element in tbeJoule:Jiea~na:fimlace cim.lit. AC ]JOWel' 346 also includes 

primary winclillg 350, sato~e ~ 37411, ,, • .,.and 374c and electrodes 368a-

3'Bf. Saturable ~ 374a-374c are connectec1 rapecdvely to .secondary 

20 windings 372a-3'72c. 

Because the AC current u mely sinusoidal in a circuit having in series wid,l 
a non-linear resistor such as the~ 1-'iJJI ft.u'Qce cin:uit, it is possible to excite 

several bannonic frequencies .otbm' than60 .. Hertz.:.whicb ue superimposed on the 60 

Hertz sine wave suppliecl by the utility ~~. · In tbiJ citcuit, · it is important to 

25 . _ ~ for~ ..-linear~ I.Del: to :specify the electrical components to 

achieve .adequate ·damping and thedom stab)e opemd(JJl. It is also important that 

the voltage, current, ancl _cap!IC:illnce ... of~ capacitor me such tbat the seri~ 

resonant tiequency of tile endn:. system inductance··~ tbe .~ electrodes is such 

that the lowest values of raistanQe as seen at these ume electrodes when looking into 

30 the furnace plus the effective 60 Hertz resislanco· i,a MUil to or pater than l.S and 

piefenbly 2 times ..., than tho· (UC)ua w-., L is .tile total inductance of the 

power system and C is the capacilance of capacitors 370a, 370b and 370c. The total 

..:·;.: 
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effective leSistance R should be 2 times (UC)112 , but any resonant rise in current is 

negligible if this is l.S times (L/C)112. 

As shown in Fi&· 6(b), DC electdall system 348 may have a power 

tnnsfonner with a wye or del1a secondary winding 384a-384c. Primary winding 

S 382 is preferably delta. Aa also shown in Jlc. '(b), the power rectifier is preferably 

a tbree-pbue full wave rectifier. ne m:dfier may be a current controlled thyristor 

rectifier as shown in JI&. 3(a), i.e., a silicon-controlled recdfier in which the anode­

cathode current is contmlled by a signal applied to a third electrode. Alternatively, 

the leCtifier may be three-phase full wave diode rectifier with the DC cunent control 

10 to maintain the desiml DC cunent such as tbat illustrated in F1&· 3(b). If a 

thyristor rectifier is utilipct, it is important that a ftdl-18ted current floating diode be 

placed acJOSS DC output terminals 378a, 378b. Jt is not necessary to add a DC 

"floating" or "clamping" diode when using a three-phase rectifier since the diodes in 

the mctifier wm suffice. 

15 For a DC arc fumaco, it is pmfmablo to use a tbree-pbue full wave diode 

mctifier with satunble m.ctor control 3"a-38'c. BepJdless of which type of 

power supply is used, it is impOrtant that an inductor is connocted in series with the 

DC power lead which is not grounded. This ftlllCIDr is necessary to rapidly supply 

the energy when the mmac:e conditions ue such that the DC arc voltage suddenly 

20 increases. 

lf the bottom of the inside of fumace or melter 302 is made of suitable 

refsactory such as cmamic or tho like and is a poor electric:al concluctor when hot, 

counter electrode 380 may be fonnod by depmssiDg a portion of the floor of fumace 

302 between joule beating electrodes 38a-3681 and then slightly elevating the 

2S molten metal drain tube so that a pool of metal ~ in this depression in the 

· · · .. .._ furnace floor even after tho metal is chahled. This metal may act as a counter 

electrode 380 for the AC joule heating ci1'cuit and may simultaneously be used as a 

DC arc cin:uit electmde. 

Metallic furnace bottom electrode 380 may be connected using various 

30 configuntions such as that shown by tho circuit diagrams inns. 6(b). In any case, 

it is p1etened to have one or IDOl8 electrodes through the bottom of tbe furnace or 

melter. The electrodes may be paphitc or metal. It shoulcl be noted that the 

... ;.· .. :.·. :· 
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circuits in l'i1. Ci(b) and-~ I respectively include·~tcltes 388 and 436.in series 

with the electrical connection to meta11ic electmde 380 and 406. 1be function of 

these switches is to ]Jeimit tile DC are or ~·to opeiate ~ either the tDDsfer or 

non-transfer mode or a cc>~bination of bOth ·mOcles simultaneously. 

s If the physical confipimon of tbrnacC 302 (~ in Fla· 4-5) is suitable 

for the use of two ~y positioned coDtmuabte ~. then.·the DC arc 

electiodes and the AC joUle wtmg electrodes may ~· opemted simultaneously with 

no detrimental electriCal intolaction. but with beneficial ··.intenCtion for vitrification of 

all types of waste, iDCluding. blzudous Wastes alld hospital-· 

10 The electmde COntiPmdom in ·~ or veSseJ 400 shown in the 

embodiments of the in~ in J'lp. 7(a), ~ 7(b) are suitable for use for remote 

control of instaJJadons. · ·Fla~· 1 illustrates two ~· showing ·different.plan views 

for the ftmlace c:onstrlietion. J1a. 7(a) shows ~ eJonPted construction while Pig. 

7(b) shows a round c:onstmcdon. While both configllla~ can uo one, two, or 

15 mom solid graphite e1ectrocles, it is··~ ·to use the eJonpted configuration with 

two e1ectmdes (u shown in J1&. 7(a>), mce this .design leGdS itself to two sepamte 

small diameter c1ectmde elevating systelns, each - in its e>Wn cylindrical 

enclosure. Any or all of dH= ~ heidng ·~~I can be connected to 

the series capac1tor u counter electmclaa 4o4a.4o.n, for the DC an: system. Joule 

20 beating electmcles .taZa-402f' may also be connected iD Bies with electrode 406. In 

this case, switch 388 ii a1ao inciudecl u shown in Jla. '<b). By.adjusting the 

amount of AC cummt Stich ·that iti Peat value exceeds· that value of DC arc cunmt 
. . ·~ . 

carried by joule lwdng eJectrodCs 4CNa.:.C0Ct; ~ will always be a cunent mversal 

which will tend to mfnhnize polarization at these electlocles. 
2S Depending upon the type of waste m.m1 .bei!W processed, it may be 

deSuab'fe to ~·DC power sUpply. 412 system De.nm: 436 to AC joule heating 

electrodo 422a, 422e and G2c, which 'ue the eiectrodeS. connected to AC capacitors 
.· ·•, 

416a-416c nspectively and wldch are used to block DC cummt flow through tbe 

secondary windings 4u.418C of the tmiisformcrs as shown in -~ 8. The 

30 connection or :oc ~ supply •u'anc1 Ac power supply 410 is designated m Fig. 

I as Bne 431. The IWOD. for using this connection is to proVide three additional DC 

counter electrodes closc:r to the surface of lnelt pool 332 dUring warm up of the 
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fumace so that neuttal 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 bas become sufficiendy hot to conduct sufficient DC current 

S It is also desirable to have three switches 434a-434c in series with the neutral 

and electrode 422a, 422b and 422c in order to control the magnitude of the DC and 

AC cumnt between electrodes 422a-422f. AC power supply system 410 includes 

primary winding 414 secondary windings 418a-418c connected iespectively to 

saturable reactors 420a-420c. DC power supply 412 includes inductors 424a, 424b 

10 and secondary windings· 4.10a-430e connected respectively to saturable mactors 432a-

432c. 

Joule heating AC power supply 410 of a glass melt tank provides near 

constant melt temperatures throughout glass tank, thereby minimizing sizing 

constmints for the arc, I.e., arc power, c1ectrodo diameter, and the like. The DC 

15 arc is primarily piesent in the famace-melter for feed rate enbancmtent. 1bis makes 

this newly conf'iguml melter technology moie flexible than any· other available 

vitrification system. 1be arc supplies die energy in tbe unmelted overbunlen of 

incoming feed, and the joule heated jJortion of the melter system maimains the hot 

gJass pool to insure complete cliuolution and mixing of the gJass mixture. 

20 If the arc technology was used alone, the e1ectmcle health diameter ratio 

would have to be large to ensum that the contents of the hearth is melted suff'lciently 

not only at the center of the hearth, but also at the walls of the hearth. The size of 

the hearth thelefme would be limited due to pnctica1 limitations on electrode 

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

25 longer exists and the tank can be sized to insun: the ~idence time is adequate for 

. "' .... complele mixing and dissolution of all glass components. 

If the melter technology were employed without the arc, the feed rates would 

be much lower clue to limi1ations in beat transfer fmm the melt pool to the unmelted 

feed above the mo1tm glass. To accommodate large througbpllt mquimments, the 

30 standard approach is to iacmase the melt surface area. Acc:Oldingly, for a given 

processing rate, the joule heated melter would need to be much larger than the 

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 systenl. 
Multiple arc electrOdes may ~ used to start or restart this combined system, 

·· .. · 

but once the melt is heated, joule heating may be used to maintlin a molten bath 

s during long idling periods. This means that the arc·may be uuda.m immediately in 
. . . . ' 

the transferred mode for start or restart of arc operations. 

The combination of the are ptaSma fumace and joUle heated melter in 

accordance with the present inventio~ pmvidlSs a method of quickly Madng feed 
. .. . . . ~ 

waste material multing in higher ~sin& mes f~ a given sized process. '1be 

10 fast heating rate aJBo results in the production of a higher qualitJ, of ~yrolysis gas. 

More energy is recovered and there are less pollutants in the gas emissions. 

Additionally, ·tbe joule heated ·1nmrer of the present ~tioD ~ides a larger 

mservoir with demoniuated mixing to produce a bomogemOm ~ product with 

very high stability. This is beneficial idnce vkrified glass pmduct is stable over . 

ts geologic dme flanD. Su e.g., :Slldt it al., ill Sau wl11flcatlon of Transuranic 
Wanes: Synems Evizluatlon antl Appllcatkms Assessment, PNI.r4800 Supplement 1, 

Pacific Northwest Laboratory, Richland, WA. (1987) ... Addido~y ,. the present 

invention pJOVides further 'VOiume reductiC>n through the vitrifi~ of the ash as 

compaled with that ash that would be aeneTated b hiclnention alone. See, 

20 Chapman, C., Evaluatton of Vllrl/Ylng Mllllldpal int:JnsrJtor Ash. Ceramic Nucllllr 

Waste Manage,f;ent IV, Ceraniic Tmnsactions, G.G. Wicks, Ed., Vol. 23, pp.223-

231, American Ceramic societj (1991). 

As disCussed above, the present invention provides a method which facilitates 
,· .· ·.·.·. : ... · .. ·'·.'· 

fast pymlysis. Past pyrolysis results in a pyrolysis gas having higher purity than 

2S other means of pyrolysis. 1be high purity ..s. facilitates use with receady developed 

. &iih. e1hciency Small ps tmbine technology, thereby significantly· increashlg 

efficiency as ·eompired with conventi~ 5tmuD. tUJbines. and decreasing the unit size 

of the turbine required. 11le DC uc provklea, a high temperalUm .heat source to 
. . . 

acc0mplish the fast pyrolysis effectively. Graef, et al., Pl'odllct Dllntbudon in the 
.. . 

30 Rapid Pyrolym of Biolna.rs/Lignin for Production of Acerylme, Bi~ as a 

Ncmfossil Puel Source, American Chemical Society (1981) bas sbOwJI that under 

.- ... : .· .. 
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conditions such u 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 Furnace. 

Fast Pyrolysis Nonnal Pyrolysis 

Pmmt Conversion to > 6SS 4S% - SO% 
useful gas for combustion 

· Gas Species Fast Pymlysis Normal Pyrolysis 

co, 2'6 10'6 

co 44'6 SO% 

Hi 43'6 trace 

CR.. 2'6 389' 

UghtBC's bal bal 

IDIV (B'l'U/SCF) 3S0-400 300-350 

It is imponant to note that in comparing nonna1 pyrolysis to that of fast 

pyrolysis, a gmater flaction of the incoming waste is converted to gas. Thermal or· 

normal pyrolysis promotes liquefaction giving only 4S-S0'6 convenion to pyrolysis 

20 gases, while fast pyrolysis has gas yields of greater than 65 9'. Fast pyrolysis of 

municipal waste bas been demonstrated using a water cooled, metal plasma torch. 

See, Carter, et al., Munldpal Solid Waite FtMibililJ o/Gasljicadon wlth Plasma 

Arc. 1"""'""'1 and Bnvl1'onlllenla Appltcadonl of Plasma, Proceedings of the First 

Intemational BPRI Plasma Symposium (May 1990). In the partial oxidation mode of 

2S operation, the residue from both techniques is oxidized to offset the pyrolysis energy 

requirements • . .. " - . . 

The pyrolysis gases pmduced 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 turbino-combined cycle systems approaching 50 9', 

30 the present method of waste-to-energy convenion provides an effective alternative to 

standard waste incinerators. Under favorable conditions, the incinel3tor-st~ 

generator systems achieve lS-20'6 efficiency in the conversion of the potential 

energy contained in the waste to usable electrlc energy. 

. ... ;· 

· .... • . . : 
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An illusbative comparison of the Complete .wde ~nversion system of the 

praem invention to that of standard incinerator-steam genmator systems is 

summarized in Table l. 

S Table2. hlative Energy Balances and Net Cost lnfonnation for Arc Furnace 
and Jotile Heated Melter vs. •Standard la.claentor- Steam Generator 
Technology 

10 

15 

20 

2S 

(Buis = 1 ton MSW). 

Arc Fumac&-Melter "Inchimatm 

Bnergy requimnents to 2.1x106 BTU -
opeme system 

HV in Incoming. MSW Ix lQ7 lSTU 1x107 BTU 

Losses 3.1 x l~BTU 8.8x10' BTU 

HV in BDing (jas .9xU>'BTU -
BtTICiency for electrical 0.4 0.15 
conversion 

.. . 
Net Bnelgy (BleCtric . i.s x 10' sro l.Sx 106 BTU 
Produced) 

Value of BlectriCity 22.00 .. 22.00 
($0.05/Kwb) ($) . 

Disposal Coats. including - . J.5.00 to 75.00 
tnnspOJtation ($) 

Net Cost/Income {$) (+)~.()9 .· : .Ct')7.00 to<-> 53.00 
SY = llt'8I VBIDe;. ~w = m . . SOJIG ·waste. 

. . . . - . 

An assumpdoa is made for lbe comp.iisoA Of the two teclmoiolies, namely 

that the glass or s1ag· pmcluet pJOcluced bi the .·arc furnace of the preSeat invention is 

. a useill produet, although no value has. been assiped. to tbe pm for this 

comparison. At a mininium, however, this mlteliaI is a stable nonhazardous 

30 matmiat that can· 1r0 eaSuy dis]Joseci of in ally ~baZUdous landfill. It is also 

assumed that the muDicipaJ. solid waste (M8w) hicinerator employed in a highly 

populated area such u the Noitheastem U~ted States ~ ash that either must 
be shipped to a staDdaRI 1andfill or. a buardous waste JIUadlill. Bnergy and cost are 

given per ton of MSW proceased based on cunmtly available data. 

. .. ·.:~·~·. 
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The energy requirements to ope.rate the system are given in a relative bases, 

i.e., the value shown as •energy nquimments to opmate system" for them: 

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. 

S See e.g., Carter, et al., Munidpal SoUd Wa.rte Ft.llSibiUry of Gasijication with 

Plasma Arc, Industrial and Environmental Appltcationl of P'/a.rma, Proceedings of 

the First lntemational BPRI Plasma Symposium (May 1990); Renewable Energy­

Sourcesfor Fuels and Energy, Johansson, P.ditor, Island Press, Washington, D.C. 

(1993); and Clean Energy from Wa.rte cl Coal, ICban, Bditor, American Chemical 

10 Society Symposium Series, American Chemical Society, Washington, D.C. (Aug. 

1991, published 1993). 1be net eneqy produced for either option was detennined 

using a 40'6 and 15'6 efficiency for the arc furnace-melter-gas turbine generator, 

and incinentor-boiler-steam turbine pnerator options, respectively. See, Cl«m 

Energy from Wane cl Coal, Khan, Editor, American Chemical Society Symposium 

IS Series, American Chemical Society, Washington, D.C. (Aug. 1991, published 

1993); and Perry's CMmical EngU.n' Handbook, 6th Ed., Ch. 26. The losses 

pteSented 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 incinCmtor option are 

higher due to the ineff"J.Ciencies of the combination of the boiler and steam generator 

20 as opposed to pyrolysis ps fired turbine pnerators. See, Perry's Chemical 

Englneen' Handbook, 6th Bd., Ch. 26. The disposal costs for the ash tepresent 

values obtained from litmatum and data currently available fn>m waste handling 

facilities. Sse e.g., Recycling and lncillD'lllion, Dension, s al., Ed., IsJancl Plas, 

Washington, D.C. (1990). If new rulings and current tlmds involving the handling 

25 of ash as a bazanlous 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 fomace-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 udUzed as a basis for modifying or 

designing other structures for carrying out the same puipose of the present invention. 

It should also be n:alimd by those skilled in the art that such equivalent 

-,... i 
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constructions do l'lot dei>att from the spirit and ~ of th~ invention as set forth in 
the appended claims. 

, .... ~ 

I 
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WHAT JS CLAIMED JS: 

1. A waste convenion unit, comprising: 

an arc plasma furnace having at least one electrode in a predetermined 

position thelein; and 

S a joule heated melter coupled to the arc plasma furnace. 

10 

2. 'Ibe waste conversion unit as defined in claim 1, wherein the arc plasma 

furnace is capable of providing a predominant somce of heat for material to be 

treated in the unit relative to the joule heated melter. 

3. The waste conversion unit as defined in claim l, wherein the melter is 

directly coupled to the furnace. 

4. 1be waste convenion unit as defined in claim 1, wherein the at least one 

IS electrode is a graphite electmde. 

S. The waste conversion unit as defined in claim 4, wherein the at least one 

electrode operates with an ·Ac arc. 

20 6. The waste conversion unit u defined in claim 4, wherein the at least one 

e1ectlode opemtcs with a DC arc. 

7. The waste conversion unit as defined as defined in claim 4, S, or 6, wherein 

the at least one elecbode includes ·a protective coating • 

.. . • • ..._ 8. _ 1be waste convenion unit u defined in claim 4, Sor 6, further including an 

auxiliary beating unit coupled to the joule heated melter. 

9. The waste conversion unit u def"med in claim 1, whemia the furnace includes 

30 an interior refractory lining along the periphery of the furnace. 
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10. The waste conversion unit as defmed in claim 9, wherein the refractory is 

fonned of ceramic. 

11. The waste conversion unit as defined in claim 1, whemin the melter is joule 

S heated by an AC power supply source. 

12. The waste conversion unit as def'med in claim 11, wherein the ~C power 

ilicludes a plumlity of electrodes at ~ ;,sltions in the melter . 
. .......... . . 

10 13. ne waste conversion unit as defined in claim 12, wbemin two electrodes ue 

positioned on two side surfaces of tbe melter at. predetemUnecl distances from a 

bottom surface of the melter. 

14. The waste convenion unit as defined in claim 13, fmtber including an. 

lS electrode positioned proximate to the bottom surface of the melter. 

lS. The waste ·convenion unit as defined in ~. 1, wherein the melter is joule 
~:. 

mated by DC power. 

20 16. A waste convmion unit, compriaing: 

a tmnsfer arc plasma furnace having at least one electrode in a pmletennined 

position therein; and 

a joule heated melter coupled to the arc plasma fumace. 

2S 17. The waste convenion unit as defined in cJaim.16, w~ die transfer arc 

·pmna4rumaatis Capable of providing a predominant soun:e of beat for material to 

be treated in the unit Ielative to the joule heated melter. 

18. A system fOl' converting waste material, comprising: 

30 an arc plasma furnace, the arc plasma furnace comprising: 

at least one .arc plasma electrode in a pmletermined position therein; 
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a .tint discharge port positioned to discharge metal from the furnace; 

a second discharge port positioned to discharge gases and slag from 

the furnace; 

S a joule heated melter attached to the arc plasma furnace, the melter including 

a gas discharge pon positioned to discharge gases therefrom, and a slag discharge 

port in a pimetermined position tbemin; 

means for feedina the waste material into the arc plasma furnace such that a 

metal layer, a slag layer and a gaseous phase is formed in the arc furnace; 

10 a gas clean-up unit attached to the melter, the ps 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 predelennined rate; 

a blrbine attached to the combustor; 

15 a generator attacbed to the turbine; and 

a heat m:overy steam system attached to the blrbine. 

19. The waste conversion system as dermed in claim 18, whemin the melter is 

directly· coupled to the arc plasma furnace. 

20 

20. Tho waste conversion system as defined in claim 18, wherein the at least one 

arc plasma electrode is a graphite electrode. 

21. The waste convenion system as defined in claim 20, wherein at least one arc 

2S plasiDa eiectrode is a paphite electrode • 

• • 4-

22. The waste conversion system as defined in claim 20, wherein the at least one 

arc plasma electrode operates with a DC arc. · 

30 23. The waste conversion unit as c:lef'med in claims 20, 21or22, wherein the at 

least one arc plasma electrode includes a protective coating. 
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24. The wasre conversion system as defined in claim 19, 20, 21 or 22, further 

including an auxiliary heating unit coupled to thejoule heated melter. 

25. nae waste convenioD system as defmed in ciaim 18, wherein the fumace 

S 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. 

10 Tl. _1be Waste conversion~ as defined in cmm.18, whemin the melter is 

joule heated by an AC power &Upply source. 

28. The waste convenion system u defined in claim 27, wbenrin the AC power 

supply soun:e includes a plurality of electrodes at predetennined positions in the 

IS melter. 

29. The waste conversion system as defined in claim 18, whelein the melter is 

joule heated by a DC power supply source. 

20 30. A process for converting waste material; comprising: 

(a) introducing the waste material into an arc plasma positioned within an 

arc plasma furnace having first and second discbuge ports at predetermined 

positicms therein;. 

(b) COD1aeting the waste matedal with the me plasma whereby the waste 

25 material is ~ into a metal layer, a slag layer and a gaseous phase; ... . . .. - . 

(c) .f-ting the gaseous phase and the slag layer tluougb the second 

discharge port from the arc plasma furnace to a joule heated melter connected to the 

arc plasma furnace, the joule heated melter having ps and slq discharge ports 

positioned therein; and 

30 (d) mixing the slag layer in the joule bcaled melter for a pmletermined 

time period, then:by forming a slag product.--------

I 
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31. ne process as defined in claim 30, wherein the arc plasma includes at least 

one electmde. 

32. The process as def'med in claim 31, wherein the at least one arc plasma 

S 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. 

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

pyrolysis. 

35. 1be process as defined in claim 30 or 34, wherein the gaseous phase includes 

at least one of: hydrogen, carbon monoxide, methane, cubon dioxide and light 

15 hydrocalbons. 

36. The process u defined in claim 30 or 34, wherein tbe slag layer contains 

glass. 

20 37. 1be process u 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, wherein the vitrified product is suitable 

for use in construction of roads. 

2S 

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

for use u a component in building blocks. 

40. The pmcess as defined in claim 37, whemin the vitrified product is a 

30 nonleacbable product suitable for stonge in a landfill. 

----
~llHiiuiin1=-

.: ~ .:. 

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

solid waste. 

42. The process as defined in claim 30, wherein the waste material is buanlous 

S waste. 

43. The process as defined in claim 30, whel'ein the waste material is hospital 

waste. 

10 44. lbe process as defined in claim 30, further including removing the metal 

lS 

layer from the aK plasma furnace. 

45. 1be process as clef'med in claim 30, further including: 

(e) removing the gaieous phase from the gas discharge port in the melter. 

46. The pnx:ess as defined m. claim 45, fiarther including: 

(t) ueating the iaseous phase in a gas clean-up· system such that 

particuJates in the gaseous phase are separated therefrom and a fuel gas is thereby 

provided; 

20 (g) feedmg the fUel gas to a combustor; 

2S 

(h) introducing air into the combustor aubslantially simultaneously with 

step (I), whereby combustion products ue formed from the fuel ps and the air; and 

(i) feeding tho combustion plOducts to a tmbiDe genentor, whmeby the 

combustion pmducts drive the turbine pnemtor to genemte electricity. 

·-·........ - . . . 
47. · The process as defined in claim 46, whemn the turbine generator includes a 

steam or water iqjected gas turbine. 

48. The process as clefinecl in claim 46, wherein tho process further includes: 

30 (j) feeding gases from the turbine generator to a scrubber to remove acid 

gases thereflOm. 

I 
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49. The process as defined in claim 48, whelein the turbine generator includes a 

steam or water injected gas turbine. 

SO. A process for convening waste material, comprising: 

5 (a) introducing the waste material into an arc plasma furnace having first 

and second discharge ports at predetennined positions therein and at least one arc 

plasma electrode positioned thmein; 

(b) contacting the waste material with the arc plasma electrode such that 

the waste material is separated into a metal layer, a slag layer and a gaseous phase; 

10 (c) feeding the gaseous phase and the slag layer thrOugh the second 

discharge port in the furnace to a joule heated melter Connected to the arc. plasma 

furnace, the joule heated melter having gas and slag discharge ports at predetennined 

positions therein; 

(d) mixing the slag layer in the joule heated melter for a predetennined 

IS time period, t1iexeby producing a slag product; 

(e) removing the gaseous phase from the melter through the gas discharge 

port therein; 

(f) treating the gaseous phase in a ps clean-up system such that 

particulates in the gaseous phase are separated therefrom ~ a fuel gas is provided 

20 thereby; 

(I) feeding the fuel ps to a combustor; 

(h) introducing air into the combustor substantially simultaneously with 

step (g), whereby combustion products are fmmed from the fuel gas and the air; and 

(i) feeding the combustion products to a turbine pnerator, whereby the 

25 combustion products drive the turbine generator to gelierate electricity • 

. ·~ 
51. An integrated arc plasma-joule heated melter unit suitable for use with a 

common molten pool, the unit comprising: 

means for genenting an arc plasma on top of or within the common molten 

30 pool; and 

means for providing joule heating in the common molten pool. 
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52. A fully integrated tunable arc plasma-joule heated.melter waste conversion 

unit for use with a common molten pool, the unit comprising: 

a first power supply source capable of~ an arc plasma between at 

least one arc p~ elecbocle and tile .common mokm pool, the arc plasma being on 

5 top of or within the common molten pool; and 

a second power supply source capable of providing joule heating in the 

common molten pool; 

wherein the first and second power supply sources are arranged such that the 

first and second power supply sources are capable of simultaneous independently 

10 controllable operation without detrimental e1ectrical. imeJactioD with one another, 

while using conducting paths in the common molten pool. 

S3. 1be fully lntepated tunable arc plasma-joule heated melter waste conversion 

unit of claim 52, wherein the second power supply soun:e is an AC power supply 

15 source, comprising: 

a transformer having a primary winding and at 1easl one secondary winding 

having first and second ends, the traDsfonner connected to a p~. of joule 

heating electrodes; 

at least one capacitor connected in series with the tint end of each secondary 

20 winding of the tlaDsfonncr; and 

at least one satmab1e reactor cmmected in ~ with the second end of each 

seconduy windini of tbe transformer. 

S4. The fully integrated tunable arc plasma-joule heated melter waste· conversion 

2S unit of claim 52, whe!em the fint power supply ~ is a DC power supply 

30 

·- ..... soun:e. 

SS. 1be fully integrated tunable arc plasma-joule heated melter waste conversion 

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

S6. The fully integrated tunable arc plasma-jo1ale heated melter waste conversion 

unit of cJahn S2, wherein the number of arc plasma eJectRJdes is peater than two. 
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57. 'I1le fully integrated tunable arc pJasma-joule heated melter waste conversion 

unit of claim 52, whemn six joule beating clectmdes are positioned in the unit, the 

six joule heating electrodes fonning first, ~d and third independent power supply 

cilcuits. 

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

unit of claim 52, wherein the unit is in the fonn of an elongated chamber. 

59. 1be fully integrated tunable arc plasma-joule heated melter waste conversion 

10 unit of claim 58, whenrin the number of arc plasma electrodes is two. 

60. 1be fully integrated tunable arc plasma-joule heated. melter waste conversion 

mm of claim 58, wbelein the number of arc plasma electrodes is greater than two. 

15 61. · ne fully integrated tunable arc plasma-joule heaUid melter waste convenion 

unit of claim 59, wherein six joule heating electrodes are positkmed in the elongated 

chamber, the six joule heating electrodes forming fll'St, second and thinl independent 

power supply circuits. 

20 62. ne fully ·mtegratect tunable arc plasma-joule heated melter waste convenion 

unit of claim S2, wherein the first power supply souz= is a DC power supply source 

comprising: 

a transformer having at least one secondary winding; 

at least one satumble mctor llaving a first end and ~ second end, the first 

25 encl of the satulable mactor 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 tb8 second end of the at least one saturable reactor; 

an inductar having a first end and a second end, the first end in electrical 

contact with the DC output of the recdficadon means; ind 

30 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 

. . ·-; 

.:· -:~ . . : 
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positioned to be capable of ~ting the arc plasma on·top of CH' within.the 

common molten pool •... 

63. The fully integrated mnable arc plasma-j9Uie heated melter waste conversion 

S unit of claim S2, further including at least one metal. discharge port and at· least one 

slag discharge port in predetennined positions in the. unit. 

64. 1be fully intepated tunable 8IC plasma-joule heated melter waste conversion 

unit of claim 63, whemin the metal discharge port· is positioned pmximate to a 

10 bottom sulface of the unit. 

65. The fully integrated tunable arc p]asma.;.joule 1-ted -1.ter waste conversion 

unit or claim 63, wbenin the slag discharge port extends upwudly at a 

predetermined .angle mlative to a side sulface. of the unit and wherein ~. ·s1ag 

15 discharge port is positioned between at or Wow a level above a bottom surface of 

the unit ~ below the surface of the common molten pool .. 

20 

2S 

66. 1be fully intepated tumble 8IC plasma-joule heated melter waste convenion 

unit of claim 6S, further including an a~· beating chamlJer attached to the slag - . . 

discharge port. 

67. 1be fully integrated tunable arc· plasma-joule. heated. melter waste convenion 

unit of claim S2, whezdn the at least one arc plasma electrode is a graphite 

electmde. 

·- ...... 
68. 'lbe fully -integrated tunable 8IC plaSll,la-joule. heated melter waste conversion 

unit of claim 67, wherein the at least one arc pJasma electrode includes a protective 

coating. 

30 69. 1be fully intepatecl tunable am plasma-joule heated melter waste conversion 

unit of claim 52, further including a piuraJity of incluctive heating and/or mixing 

coils in a pndetermined position relative to the unit. 
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70. The fully integrated tunable arc plasma-joule heated melter waste conversion 

unit of claim· 52, further includiDg at least two joule heating electrodes in 

predetennined 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 comprisin1: 

a fully batepated uc pJaima-joule heated melter waste conversion unit for 

use with a common molten pool, the unit comprising: 

10 (a) a first power supply source ..,le of pneratin1 an arc pJasma 

between at leasi one arc pJaima electrode and the common molten pool, the are· 

plasma bein1 on top of or within the common molten pool; 

(b) a second power supply. somm capable of providing joule 

heating to the molteli pool; 

15 wherein tile fint and second power supply 10U1CeS are amnged such that the 

first and second power supply soun:es are capable of simultaneous independently 

.controllable opention withOut detrimental e1ectrica1 interaction with one another 

while using conducting paths in the common molten pool; 

(c) a first discharge port positioned to clischup gases from the 

20 unit; 

unit; 

(d) · a second ·discharge port positioned to discharge metal from the 

unit; and . 

(e) a third discharge port positioned to discharge slag from the 

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 discbarged from the unit into fuel gas and particulate matter; 

30 a gas tuJbiDe electricity generating unit attached to the clean-up unit, the gas 

turbine e1cctrlcity ·generating unit capabJc of utilizing the fuel gas from the clean-up 

unit to produce electricity; and 

:· .. 1 
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means for introducing a ptedetennined amount .Qf auxiliary fuel at. a 

piecletermined rate into the gas turb~ electricity geneiating unit. 

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

S heating oil, diesel fuel or natural gas. 

73. The waste conversion system of claim 71, whe!ein the gas tulbine electricity 

generating unit is replaced by an in..W combustion engine-generator unit. 

10 l4. 1be waste conversion system of claim 71, w...- the auxiliary fuel is 

heating oil, diesel fuel or natmlll gas. 

1S. The wute conversion system of claim 71, wbmein the rmt power supply 

soun:e is a DC power supply souice comprising: 

lS a~ having at least one secondary winding; 

at least one satumble reactor having a fint end and a second end, the first . 

end of the satmable reactor connected to the at least one secondary wimting; 

m:tifi~ meam having an AC input and a DC output, the AC input in 

electrical contac1 with the second end of the at least one· saturable. iactor; 

20 an inductor having a tint end and a second end, the first end in e1ectrical 

contact with the DC OU1plt of the iectification means; and 

at least one plasma arc electrode having an uc 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 genmatiDg the uc plasma on top of or within the 

25 common molten pool. ·- . . .. - . 

16. The waste convenion system of claim 71, w~ dlfJ second power supply 

source is an AC power supply aomce comprisinJ: 

a tnnsformer having a primary winding and at least one secondary winding 

30 having first and second ends, the transformer connected to a plmality of joule 

beating elecbodes; 

liiii1iiH1r ·t·: .. : . 

c 
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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 reactor connected in series with the second end of the 

secondary winding of the transformer. 

77. The waste conversion system of cJaim 76, wherein the first power supply 

source is a DC power supply source. 

78. The waste convenion system of claim 77, wherein the DC power supply 

10 source comprises: 

a transfonner having at least one secondary winding; 

at least one saturable n:actor having a first end and a second encl, the first 

end of the saturable reactor connected to the at least one secondary winding; 

rectif"acation means having an AC input and a DC output, the AC input in 

1S electrical contact with the second end of the at least one saturable reactor; 

an inductor having a lint end and a second end, the rmt end in electrical 

contact with the DC output of the recdf"l.Cltion 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 

20 positioned to be capable of generating the me pJasma on top of or within the 

common molten pool. 

79. 'I'be waste convenion system of claim 71, further including at least one metal 

discharge port and at least one slag discbarge port in piedeterminecl positions in the 

2S system . 

. -~ 
80. 1be waste conversion system of claim 79, wherein the metal discharge port is 

positioned proximate to a bottom surface. of the unit. 

30 81. 1be'waste convenion system of claDn 79, wherein the slag discharge port 

extends upwanlly at a predetermined angle relative to a side surface of the unit and 
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wherein the slag discha!Je port is positioned between at or below a 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 including an auxiliary 

s heating chamber attached to tbe slag discharge pon. 

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

an elongated chamber. 

10 84. The waste convenion system of claim 71, wherein the number of arc plasma 

lS 

electrodes is two. 

85. 1be waste conversion system of claim 71, wherein the number of arc plasma 

electrodes is greater than two. 

86. The waste convenkm system of claim 71, wherein six joule heating 

electrodes are positioned in the unit, the six joule heating electrodes forming first, 

second and third independent power supply circuits. · 

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

e1ecUode is a gmphite electrode. 

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

eleebocte includes a protective c.oating. 

·-· .. ~ - . 
89. An arc plasma-joule heated melter waste conversion unit for use with a 

common molten pool, the unit comprising: . 

a first power supply source capable of pneratiDg an uc plasma using an arc 

plasma toich in a DODtraDsfenecl mode, the arc plasma to!Ch in a piedetenniDed 

30 position above tbe common molten pool such that the uc plasma created by two 

electrodes of the plasma torch is generated abov~ the common molten pool; and 

a second power supply soun:e capable of providin1 joule bearing in the 

f 

~~~~~~~~~ 

common molten pool. 


