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

BACKGROUND OF THE INVENTION

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

Attempts have been made to reduce the volume and recover the energy
content of MSW through incineration and cogeneration. The standard waste-to-
energy incinerator will process the solid combustible fraction of the waste stream,
pmducesteamtodﬁveammtbine,andasamslﬂtofthecombusﬁoﬁpmcéss
produce a waste ash material. Typically, the ash is buried in a municipal landfill.
Current trends and recent rulings, however, may require such material to be shipped
to landfills permitted for hazardous waste. This will substantially increase ash -
disposa] costs. Moreover, there is increased public concern about gaseous emissions
from landfills and the possibility of contamination of groundwater. Another
disadvantage associated with incinerator systems is the production of large quantities
of gascous emissions resulting in the need for costly air pollution control systems in

an attempt to decrease emission levels to comply with requirements imposed by
regulatory agencies.
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‘probl ens associated with siting new incinerators. In addition, increased 20
envi ronnent al awareness has resulted in a major concern of many | arge
netropolitan ‘areas and to the country as a whole to ensure that the

di sposal of solid waste is properly handl ed. See e.g., USA EPA, The
Solid Waste Di |\Ufn96/2444h Agenda f or Acti on, EPA/530- SW 89- BCDUS96/01283
Washi ngton, D.C. (1989). Attenpts have been nade to reduce the
vol une and recover the energy 25 content of JBWthrough incineration and
cogeneration. The standard waste-to- - enefgy inci nerator W |l process

the sol id conbustibl € G @rbvelooh wag&e%ﬁhgeagmm inEiEfitor $§ B,
drive a steamturbine, and as result of the ustion process
produce a waste ammmmmmmﬂmpmmmgmmmmwm@ toudestzoyal

lrrgtng];: 131: to be shi ppedasgdenflﬁ "?gn %%Wgﬁg%\rﬁﬁaza g'qtsi%&'go Ch

wi || substanti al | incinematoraorecombhstion pmdsspmadér minsopeiﬁngmndmoﬁshcmwshe

i ncreased publ gc cancern about OMS_€emi.SSi Qns _fromlandfills.an
the possibilit of '&'8ﬁf’g B'ﬂg'ﬁsw @F % nil' gp 'gb
associ ated W th iless then dieovoluié prodacedsduring t?ﬁﬁ]lmmmfoﬂmmrﬁwéﬂtﬁﬁc
of gaseous eni ssions resul tl n | n the need tqr costl y air pollution control

systems in 35 an materaly under-sogie; circumsiances the pyaste
requirements i rrpo,i,ggngymbegumat ory agenC| es.

For exa:_nple, U.S. Patent No. 5,280,757 to Carter ez al. discloses the use of
10 aplasmaa:cnorchinamctorvesseltogasifymunicipalsolidwaste A product
having a medium quality gas and a slag with a lower toxic element leachability is
produced thereby.
U.S. Patent No. 4,644,877 to Barton et al. relatestopyrolyucdwmcuonof
polychlorinated blphenyls (PCBs) using a plasma arc torch. Waste materials are
15 atomized and ionized by a plasma arc torch and are then cooled and recombined into
gas and particulate matter in a reaction chamber. U.S. Patent No. 4,431,612 to Bell
et al. discusses a hollow graphite electrode transfer arc plasma fumace for treatment
of hazardous wastes such as PCBs.
' Apmcessforremedmionoflad—comaminatedsoﬂandwastebmery
20 material is disclosed in U.S. Patent No. 5,284,503 to Bitler e al. A vitrified slag is
formed from the soil. Combustible gas and volatized lead, which are formed from
the waste battery casings, are preferably transferred to and used as a fuel for a
conventional smelting furnace. '
The systems proposed by Barton ef al., Bell ef al., Carter et al., and Bitler ef
25 al haveslgmﬁcnntduadvantages For example, such disadvantages include
.. G-msufﬁclent heating, mixing and residence time to insure high quality, nonleachable
glasspmduct_lonfora_wldemgeofwastefeeds. Additionally, hearth size and
feeder design are significantly limited since furnace walls must be relatively close to
 the arc plasma which is the only heat source. High thermal stress on the walls of
30 the furnace often occurs as a result of the limitation on the hearth size.
Pnoranarcplasmaﬁlmaceswxﬂlmexalelectrodesﬁmhermaybehmnedby
shon electrode lifetime when used at higher DC current. Therefore, to achieve
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- 2- In order to overcone the shortcom ngs associated with
I nci nerat or systens, attenpts have been nade in the prior art to
17 —toxrcwastes. Ttre—useof arc

pl asma torches provides an advantage over traditional incinerator or
conbusti%%sses under certain operating conditions: ?%ﬁ% se the

vol une of" gas s products forned fromthe plasna arc to g?é?
significantly | ess than the vol une produced during typical

I nci neration or conbustion, fewer toxicz. materials are in the gaseous
products, and under sone circumstances the waste . . material can be

gl assi fi edhlgherpowerouqththe aro potphtial nhisGbe Eﬁudniy m&@mw ThisCarter. et
qasi £y munf SRk B el Baldn 33 e fiface g sllh ga IeAgE o medEa) | 1y gas
and a sl ag emmea(wmmerneffewvmak emieaadxh&aqtia’elaké biteri difficulties associated
with prior art transfer arc plasmas in stan-up and restamug of such arc plasma
5 systems when cold, nonelecuwallyconducungmamalisbemgprocessed
Thus, whﬂesuchpnormauemptshavebemuseful thereremamsaneedm
the art for a robust, easytoopentewasteconversionsymmwhichmimmms
hmrdousgaseousmsmnsandwhmhmaxnmmsoonvemmofamdemgeof
sohdwasteintouseﬁulenergyandproducesapmductmumwhwhxsmasafe,
10 mblefomforcommercmluseorwhxchdoesnotrequuespeualhmtdouswaste
considerations for disposal. It would therefore be desnnble to prov:de a robust, user
fnendly and highly flexible method and apparatus for pmcessing and convemug a
"wmemngeofwastemmﬂsmonsefulenergyandstablepmdnctswhﬂe
| minimizing hazardous gaseous em:ssnons, tlm'eby ovetcommgtheshomommgs
15 'asmatedwnththepnoran

SMARYOFTHEINVENTION
ltlsanobjectofﬂlepmwntmveunontOWamethodandappmmsfor
mcmsedconvemmnofsoﬁdwmemmlsmhasmunmpalandmdusmalwme
20 'touseﬁnemgymmredmdmpouum o
Iusanotherobjectofthepreuentinvenuontopmvxdeamethodand
appmmsforconvernngamdenngeofwastematemlswuseﬁnlcommercml
products or to a safe, stableproductwhnh:smmblefordisposal '
Itnsanotherobjectoftbemvemontoprov:deamemodandappammsfor
25 oonvemng waste matemls using a combination ofan mdependently controllable arc
plasmaandjmleheaﬁedmelterasanmtegmedsym
Itmsﬁﬂmherobjectofthemvenﬂonmpmv:deamethodandappamms
forconvemngwastematemlsumganarcphmwhmhpmdeshuwdmawmlto
ajwbhmwdmelcrinadnecﬂyconpledmwgmdsym "
30 It1saf|mherob]ectofthemvennontoprovndeamethodandappanmsfor
convexﬂngwastcmatemlsumgafunymtegmedjonleheatedmelwrandam
plasma unit.
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‘produced ther eby. U S. Patent No. 4,644,877 to Barton et al.

relates to pyrolytic destruction of pol ychl ori nat ed bi phenyl s ( PCBs)
.using a plasma arc torch. Waste materials are 15 atomi zed and ionized by a
pl asma arc torch and are then cool ed and reconbi ned’into gas and

particul ate nmatWo9524#E reaction chanber. U.S. Patent No. 4, 43PCBUS%A1283c| |
et al. discusses a hollow graphite electrode transfer arc plasma furnace

for treatnent of hazardous wastes such ?Ti_PCBs A process
for renedi ati on of | ead-contam nated soil waste battery 20 material is

di'scl osed in U.S. Pat e Yba foririofiod of ScFinbcion 86 pitide’s Hiitoh bt gkl |

formed fromthe soil. Conbustible gas and volatized Iead whi ch are f orned

from t he wasfas @EYMW%WW@%F@%WGM@#GG arpplasma ined
as a fuel for a ?m I %FLMEE h's
proposed by Barton gt a BngPﬁ"é rter et wx,tha otnlnéé-ﬁ%t@E

al . have signifi cwith MMofﬁorpommh such di sadvant ages i ncl ude

onienchanre "3 a0l B 834 i ddih o SR Ptpa 348

Addi tional |y, heaforlvitsifying svaste materislsasing a@ombmpuwwumrmmrpm
since furnace walls nust be ,relatively close to the arc plasma which
is the only heat %t BYS¥®:r el stress on.the walls of 30 the furnace

often occurs as a results gl h dttier Bbjedd 6ffic Hivehtich qtovide & imidthod and apparatus
for converting waste materials using fast pyrolysis, thereby providing a high purity

10 gas suitable for combustion.

~ Itis yet a further object oftheptesent invention to provide a method and
apparatus for a highly effective conversion of waste materials to gaseous fuel capable
of generating electricity through a small, highly efficient gas turbine or intemal
combustion eangine.

15 It is still a further object of the invention to provide a waste conversion unit
that can be self-powered or can provide a given level of electricity for outside use by
utilizing an auxiliary fuel, such as natural gas, diesel or some other fuel, in varying
amdunts in the gas turbine or internal comb_uﬁtion engine.

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

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

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

- « @« that has the advantage of cqmplete or substantially complete conversion of waste
materials into a useful gas and a product stream at a single location. In addition, the
product stream may be used in a variety of commercial applications. Alternatively,
the product stream, which is in a safe, stable waste form, does not require special

30  hazardous considerations for disposal. R

| | Theoombmauonofﬂlearcphsmafumaceandthejoulehutedmelwrasan
| integrated system with gas turbine or internal combustion engine generating
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Prior art arc plasma furnaces with netal electrodes further may be limted

by short electrode lifetime when used at higher DC current. Therefore,
' out ptt—the—arc—potenttat—must—be

rai sed by lengthening the arc. This results in radi atlve t her mal

| osses to the furnace side walls and | eads to netal ‘el -ectrode (torch)

i nef f ect MRGB444 | 1 addition, there are often djfficult iR ORI o
with prior art transfer arc plasmas in start-up and restarting of such arc
plasma 5 systens when cold, nonelectrisgally conducting material is being
processed. Thus, while such prior art attenpts have been

useful, t heqdipmestprovides m&ﬂpowered wastt lireamient dmd pawerqiroduction &&jlity 0 oper at e
gﬁztahlcgﬂvmhro#]g@%%mm C‘SW m mﬁ%e}ya%.zﬁzar!ﬂous gamejouhchem ssi ons
be easily scaled to handle large volumes of mumcxpal sohd wme

The primary processing unit prefembly mcludes a DC or AC electrode arc

5 plasmaforheaungwastematermlandwhlchalsohasjoulehenmgmpabmtyforthe
melt pool. Prefembly,meelectrodearcorarcslsaDCelectmdearcorareswnh
eleotrodesformedofgmphlte 'lheuseofaDCamelecu'odemcombmanonwntha
specnlelecmcalmmumwmsmlhneousmdependentoonmlofﬂwmphsma
andthejouleheutedmelter 'mepnmarymodeofopennonofthearcplasmaand

10 joule heated melter is pyrolysis (oxygenmrvedopemnon) Inaprefened
embodiment, the system is opented such that fastpymlysns occurs, thereby
producing a gas with h:gher purity as compared with other methods of pyrolys1s |

Onebod:memofthemvennonuuhzesaeombimuonofanarcplasma
ﬁ;maoewhmhpmudesheatedmamﬂwajwlehemdmelterooupledmﬂlearc

15 plasma furnace. Inducnveheeungandlormmgcoﬂsmaybeuulmdtopmvxde

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

In another, prefenedembodmentofthepresentmvenuon thearcplasma
andjoulehemdmelteroomponenmmfuuymwgmedwnhaoommonmoltenpool
mchthatthesystanmeapableofsunulﬂnewsindepmdenﬂyconﬂoﬂableie

20 tunable, operanonoftheueoomponents 'Iheucphsmaoocursbetweenagmphme
electmdeorelectmdesandthemoltenmateml Gmplnteutheprefenedm
elecuodematemlmmanmmlmmhnedeemdesmphfythepmss
andsmoegnphnehasmuchhighercunentapab:htythanamenleleeuodema
plasma torch. In addition, gmphlteelectmdesxeqm:eleusmmntemnoemlanveto

25 theftequentnpreplaoememsofthemmlelecmdeplamamhsystems It should
be appreciated, howwer,thatoﬂlermmelementsmchasmngstenortheﬁke
may be utilized as the clectrode material,

'I‘hemnablefullymgntedsymememployselecmulmdmechamuldesngn

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

30 of the invention include, bntarenothnutedw,h:ghpmcesﬂngmesforvmﬁoutm

' ofalargevanetyofmatemlsmtohighqualuy mble non-leuohableglassand
reduced volume requnements due to the integrated system. Thejouleheatedmelter
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'solid waste into useful energy and produces a product streamwhich is in a
safe, 10 stable formfor commercial use or which does not require special

Mhazardous waste consi derations for d| sposal. It would therefore be
desirable to provide a robust, user friendly and highly flexible
met hod and appW@®&24sbr processing and converting a Wi dcPEHESHGOLIBI

waste materials into useful energy and stable products while
m ni m zi ng hazardous gaseous eni ssi ons, thergg)_y overcom ng the shortcom ngs

15 associated with the prior art. SUMVARY
OF THE | NVENTI ON provides deep volunie heatifig'antis&apatié of MfinRiiding %@ Iﬁ%
provi de a nethod "and appar at us for I ncr eased converS| on of sol wast e

mat er: al's 3UChda§ mammq mglt poolwith; uniform WEW@@M@WM&
reatly reduce ity t
gresen%/ i nventi on G pr ﬁﬁgenoufsﬁhasgmguct n%%‘gg’%ugrg@rl&conm

wi de range of mMMWMmngMmamwpdﬂMutmmrad
st a8 Ol o o e A SHBRERY Simetmmeo otgebily
converting mstemmwmmmfmmtpliﬂalm joille eated fieRerid Prdvided b
controll abl e .arc ﬁl na%c?nne golixlfe heat ed | ter zésmgtr; I_nt eg;&tlgimm
system
be limiting, the arc plasma preferably is operated by a DC arc and the joule heated
melter is operated by AC power. The DC arc and AC powered joule heated melter
10 arrangement insures the ability to independently control and operate each component.
The use of the melter in combination with the arc plasma provides more
uniform heating than prior art techniques. In addition, utilizing deep volume
heating provided by the joule heated glass melter facilitates ease of operation. It
also provides the constant heat source necessary to maintain sufficient electrical
15 conductivity in the waste material for rapid restart of the arc plasma which uses an
~ electrical conduction path through the waste material. Additionally, the fully
integrated system allows the furnace walls to be further from the arc plasma since
there is an additional heat source provided. The increase in wall distance from the
arc plasma increases feed options and reduces thermal stress on the furnace lining.
20 The present invention also allows the use of electrodes having a long life and a very
wide range of arc plasma and joule heater power levels.
~ The independent control of the arc plasma and the joule heated melter power
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
25  be required for pouring glass or maintaining the glass pool temperature while
« w.additional surface heating may be necessary during the initiation of feeding. In
addition, different mixes of surface and volume heating are appropriate for different
waste streams. The ratio of surface to deep volume heating may be less for
municipal waste, for example, than for industrial waste containing large amounts of
30 metals and high temperature materials.
The high quality, vitrified products produced in accordance with the present
invention may be used in a variety of applications. For example, the vitrified
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It is a further object of the invention to provide a nethod and apparat us

for converting waste materials using a fully integrated joul e heated
melter and arc plasma unit. 30 It Ts yet a further object of
the invention to provide a aethod and apparat us for converting waste
mat eri al oG adach @ joul e heated nelter and an arc pl asper/oSoeidizss

-4- fully integrated system are operated sinultaneously wth a common
nol ten pool and wi t h i ndependent control of the power to each.

It. is yet a further object of the invenf-ion to provide a method and

appar at us for VItI"If i.ng waste materials using a. conbination joule
hggt ed nel Mdé"w A asphalt for Pse ia foads and the like. | | g

still a f ummoayeme Vafrified ProcicR thiyPBe R0 W rfiace cifideP Bl cindgt GPPar at us
. 'building blocks, thereby minimizing absorption of water within the block. Further,
the vitrified products may be solidified to a final form which exhibits substantial
5 volume reduction over prior art vitrification products The sohd:ﬁed form is suitable
-fordnsposalwnhouthealthﬁsksornskstotheenvuonment a
' Thefomgomghasontlmede ofthemorepuunentobjects of the present
invention. Ihcseob]ectsshouldbeeonmuedtobemexelyﬂlustuhveofsomeofthe
more prominent features andappliuuonsofthe invention. Many other beneficial
10 results eanbeattamedbyapplymgthed:sclosed invention in a different manner of
modifying the invention as will be described. Accordmgly, other objects and a fuller
- understanding ofthemvenuonmaybehadby refemng tothefollowngetaﬂed
Description of the Prefetmd Embodnments '

15 S BRIEF DESCRIPTION OF THE DRAWINGS '
For a fuller undmtandmg of the present mvenuon reference is had to the

following descnpn taken in conjlmcuon with the accompanymg drawmgs,
which:

Fig. 1) is a schematic view of & flowdngmn illustrating the process and
20 appammsmmbleforuaemthepresentmvenuonmwhmhthcmphsmapmudes
heutedmatenaltothemeluermadirectlycoupledmtagmedsystem ' '
Fig. l(b)lsaschematxcv:ewofaﬂowdugmmmumﬁngthepmwssand
apparatus suitable for use in altémative embodiment of the invention in which the
combumrandgasturbmzengmeshownml‘lg l(a)arereplacedbyaspark
25 muonordmelmmmlcombusuonengme '
« ¥igs. 2(3) - 2(e) illusmadmcﬂyconpledarcplasmafumacemdjoule
huwdmeltermaccordancewiﬂnhcpmsentmvennon _' '
Figs. 3(a)and3(b)lllumteDCpowersynemamngementsonlyforthearc
plasmapmuonoftheucfnmaceandjouleheawdmeheramngementshownm
30 Figs. 2(a) - 2(e); - '
. Hgﬂa)showsanaltemanveandprefenedembodlmentofthearcplasma
furnace and joule heated melter according to the present invention in which the
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for converting waste materials usimg fast pyrolysis, thereby providing a
hi gh purity gas suitable for cmgtmm&nkﬁw It is yet a

further object of the present | nventiﬂmﬂﬂmwm a method and 10
t

‘dpparatus for highly effective conver materials to gaseous
fuel capable wo9esH4sgicnerating el ect a smal |, h?ﬁﬁ?%"mm
efficient gas turbine or internal . conmbusti on engi ne. It is
still a further object of the invention to provide a waste conversion unit
that can be self-powered or can provide a given |level of electricity for
outsi de use by 1%riibd bl inBiferle FHtlls/a8 wiully Bltegriidd Bystiin WAl Smisi6f motlee s !
or sone other fuel, Tn varying  —~ anounts”in the gas turbine or internal
conmbusti on engi nebath; These and ot her objects of the invention are

provi ded by a system wi clh | f irafe Bl hdifer ' ".b
waste (MBWY, industridre t@%’r’ %@% wbﬂﬁﬁ%?“m | %lga%?a iﬁgﬁdh%e -
nonl eachabl e pr odilter Poitivh electrodés: @b posifioned.at an anglewelstive toythe vergical\portion ofan =

be disposed of_wi thout risk to the environment. The system al so
mioni mi zes air Smits AGRASAMAREE YN o5 producti on of a useful gas product o=

for the product i qg Of(cpiRwsTthé Rilly. integrated system of Big. Slak Sdthimagnetin coilsn
provides a conpact waste-to-energy processing system t hat has the
advant age of conforinduetivecheating, QW‘}G_W&@‘ the Presmtpvenoon;, oo

materials into a usef ysgQg) Alfhritep it ibghd st of PR o) vigl@n. |1
secondary thermal boost in accordance with an alternative embodiment of the
10 invention; , . :
Fig. 5§ illustrates a fully integrated arc plasma fumace and joule heated melter
sym with independently controllable power delivery systems;
Figs. 6(a) and 6(b) respectively show an AC power system and a DC power
system for use with the fully integrated system shown in Fig. 5;
15 Figs. 7(a) and 7(b) show two plan views for clectrode configurations and
geometries for the fully integrated system shown in Fig. §; and
" Fig. 8 illustrates a circuit diagram having the ability to connect a portion of 3
the AC electrodes that will conduct both AC and DC according to the integrated
system shown in Fig. 5. .
20 Similar reference characters refer to similar parts throughout the several
views of the drawings. |

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Referring now to Fig. 1(a), a schematic view of the process and apparatus
25 suitable for use in accordance with the present invention is shown. System 10
- » «-jncludes a primary processing unit having arc plasma furnace 12 and melt chamber
32. As_slmwn'ingruwrdetaﬂinmgd,arcphsmafumacenisconstmotedsuch
that the amount of oxygen present.in the furnace can be controlled. Furnace 12
includes top 12a, bottom 12b and sides 12¢ and 12d. In addition, furnace 12
30 preferably includes at least four ports, illustrated in Fig. 1 as 14, 16, 18 and 20a.
As discussed herein, opening 14 allows gas formed in arc furnace 12 to be
discharged through opening 14 to fuel gas line 30 and processed for use as a fuel



product stream may be usem‘mgmrci al applications.
Al ternatively, t he pr ot $ad 5.2 which is in a safe, stable waste

The conbi nation of the arc and the joule hedted nelter as an

form does not requlre specy m adaius consi derations for disposal.
30 int egpIkAhepPyStem W th gas t i nternal combygrnRssiagy nNe

generati ng equi pnent prOV|des a sel'f-powered waste treatnent and power
production facility
- 5- whi ch i s capable of bei ng deftoyed in relatively small nodul ar

mUni oi pal 8% | QPR o ges dischargs pok ey B FETNeY B 8K CEIAHOB PRSI or abl y
Ihncl udes awhichaliow hame&mxwwammbusﬁw%ﬂ "Pércdxampleind wtifendias j oul e
eating capability for the nmelt pool. Prefer
meant to be limiting, gas discharge from macelZmaybeconuolledbyaﬂow
control valve or the like at opening 14. Itxsprefmdthatgasdmchargeportube
5 positioned at or near top 12a of furnace 12. Altemauvely,gasdischargeponu
maybeposmonedmchmnber:izasshownmlﬁg 2 '

As further shown in Figs. 1(), 1(b) and 2(a) - 2(e), opemng 16 allows slag
orglassmatmalformedmﬂumcelzmﬂowmtojoulehmdmdtersz Flow
ﬂ:mughopemngorponlsmprefeublycomuedbyoonstrucnngfunncelzto ‘

10 have an angled wall 12d such as that shown in Fig. 2. In this manier, slag material
%acmmmwsmﬁnmcenunﬁlapredemmmdlevelmmched forcing slag 36
to flow over wall 12d and into melter 32. Whllenotmeanttobehmmng wall 12d
may be formed at angle of about 45° as shown in Fig. 2. The level at which slag .
begins to flow over wall 12d into melter 32 is determined based on the desired

15 mdeneeumemthefumacemdthefeedmeforwammmmwmon
also permits glass to be removed conhnuously while umultaneonsly preventmg
entrance or egress of gas. =

0pemngormetalduchargeport18allowsmetalwhichhasformedand
couectedmfumacenwbedlschargedandsepamtedﬁomtheguesmdshg

20 formed in furnace 12. MhugeponlSncommdmanymmerwhchis
capableofconmnmgtheduchrgeofmolmmmlmmmlﬁmnﬂxmoen For
example, aﬂoweonunlvalveorequxpment maybeusedwconuolﬂowthmngh
discharge port 18 to metal collector 28. Prefembly,openmglﬂxsposiﬁonedonsxde
12d of farmace 12 as shown in Figs. landZandmetaldlschargelhsposmonedat

25 or near bottom 12b of furnace 12. Whilenotmeantmbehm:nng fumacenmay
Uedésﬂhedsu&ﬁﬂmbommubmangledasshownmngz o

Waswmatenalenn'yponmaxsposmonedsuchthatwaswmateﬁal%xsfed
from waste feed system 20 through port 20a to furnace 12 in a controlled manner.
While not to be construed ‘as limiting, pottZﬂamay mcludeaﬂowcontrolvalveor

30 the like to monitor the feed rate of waste material 26 Feedsymmmmaybeany
convenﬂonaltypeoffeedsysbmwhmhlsupabboffeedingmuniclpﬂsohdwasw
or other waste such as hazardous waste, hospital waste, ash from an incinerator or



5. the-electrode arc or arcs is a DCelectrode arc or arcs with el ectrodes
formed of graphite. The use of a DC-ar’c electrode in conbination with
a special electrical circuit ensures sinultaneous independent control
of the arc plasma and the joule heated nelter. The prina 1
operation of tW2% ™Mb asnm and joule heated . nelter is pyrolysls
(oxygen starved operation). In a preferred enbodinent, the 10 systemis
operated such that fast pyrol.ysis occurs, thggeby - ,produm ng a gas with

hi gher purity as conpared with other net hods of pyrolysis. In a
preferred enbodi nhefikefo fdmcprlésserlbng as/the tfeedsystetmedaes aopaliownsir 4o éntenthee
heat ed nel ter co onenﬁl re f |nt egrat ed with a common nol ten pool
such t hat 5 si mul t aneous i ndependently

control |l abl e, i . €. turmbkmwnlﬁ Fig.pf(hntmmwlz snclmwumnhbporiﬂmclwsm or

pl asma occurs between a hite ele , _or ctrod d,t

nol ten material . [pgl‘t ¢ Showa, in; g@’ aftir & ‘?ng?fé’m ize ’H&l’@’t‘r}i‘?
rather than msaleﬁwpwwbnm&hasrm&mm& iPrefeaBly) pORCIRE ifPakiidnad ©
graphi te has nuch hi gher current capability than a netal electrode in a

pl asma torch. to mterabmuzh the furpaceywall ot 2 flavel proyimate tslag mategigk36 as shown in
el ot rode. pl acma 1 Me¥: 16 ik R bir S0B, (SRicn fy SRR R ghodeleniid Aot of
t hat ot her netal Istm BO)eriemJemddnh mmawuatemmmlbdeatblahéunmmguhel | zed
o em oo RSB Shil fcomunt e compeRie o2 s it GGk 215
10 addition, air and/or steam may be introduced through opening 12e to insure that any
carbon in the feed material has been converted to carbon-containing gases such as
CO, CO,, H,, CH, and the like. This reduces the amount of charring during the
process which may result when carbon is not completely converted to carbon-
15 Refractory 24 is utilized to line furnace 12. Refractory 24 may be formed of
any suitable material capable of handling temperatures in excess of about 3000°C.
For example and while not meant to be limiting, furnace 12 and portions of
refractory 24 may be formed of ceramic or graphite.
Furnace 12 includes electrode or electrodes 22, which are preferably formed
20 of graphite. It is preferred to use graphite as electrode material rather than metal
since graphite electrodes simplify the process and have much higher current
capability than those used in a metal torch. In addition, graphite clectrodes require
less maintenance relative to the'f:equent tip replacements of the metal torch systems.
Due to the anticipated conditions in the furnace plenum involving both partial
25 oxidizing environments and conditions promoting the water-gas reaction:
Lea  ~ C + H,0 -+ CO + H, at 600-1000°C,
there may be unacceptable consumption of graphite without special provisions.
Therefore, graphite electrode 22 is preferably coated with zirconia, silicon carbide,
boron nitride or another protective coating to minimize graphite consumption and
30 prolong useful life. For example, when municipal solid waste containing
carbonaceous material is fed to furnace 12, a highly endothermic reaction occurs

N
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features to maxi m ze fl exibitity and—effectiveness. The benefits of this
embodi ment 25 of the |nvemﬂsg&eﬂm,ghgg%el & are not I!mted to, high

processing rates for vitrifi J+arge—vari-ety—of—nateriat s
into high quality, stable, M,mu Bﬂl I ass and reduced vol une
requirenments due to the int The joule heated nelter
provi deswes444d| ume heating and is capabl e of naintai niRCESEMNIBY ant

"~ tenperature throughout the nmelt pool w th uniform m xing
characteristics, thereby resulting in aySO hi gh qual ity, honopbgenous gl ass
product. The arc plasm prow des the netessary. . -..radiant surface heating
for process gﬁh %{ﬁm coivert at
signifi cantﬁ g rates than ot her tegﬁ'mcf ogl es. S mﬁﬂrtaneous
i ndependent ¢ombustible matemltofuelgasandmcombusﬁblenmwrialtoslag - 6-

controll abl e opeélgtt_ r ?an 1§ﬂﬂl 91!1?
provi ded by et er m ne a&cm configu I ONS andbkfect rical

circuits. \/hnicerlﬁt Itmapmfetmd however, to utilize a DC arc in furnace 12 rather than an
5 AC arc as the use of a DC arc enhances arc stability and can reduce electrode
consumption. Metal,_ ‘which may accumulate at the bottom: of furnace 12, is capable
of being removed through metal discharge port.18.  Furnace 12 may also include.
oneormomelecnodesm mpmfmblywmuonedaornwbommn 12b of
10 Melt chamber 32, whmhmcmdempsza bouomszbandsmsszcand
324, is joule heated and is preferably directly coupled to furnace 12. Joule heated
melter 32 is heated using either AC or DC power. In a preferred embodiment, joule
heated melter 32 is heated with AC power while arc electrode 22 utilizes DC power.
~ The energy requirements to maintain slag 36 at the proper temperature are equal to
15 the heat losses from the melter outer surface. This has been demonstrated o be very
low, Le., about20-30KWIm’ofslagorglaas surface area for a properly designed
melt chamber. One advantage of having melter 32. closely. coupled to arc furnace 12
isthatmeuerszpmvideuddiﬁomlmenvomme thereby providing a longer
residence time in the process and elimination of metal short circuiting the electrodes
20 in the bottom of the joule heated melter. This results in a more homogensous slag
or glass product which is removed from system 10 by slag discharge port 82.
Refractory 34 acts as a lining for joule heated melter 32 and may be formed
of any material capable of withstanding temperatures of about 1600°C. - For
example, refractory 34 may be formed of ceramic or the like. -Electrodes 38a, 38b
25 _are preferably positioned in melter 32 such that when slag 36 enters mekter 32,
clectrodes 38a and 38b are submerged therein, As shown in Figs. 1 and 2 for
* cxample, electrode 38a may be placed on one side 32b of meiter 32, while electrode
38D is placed on the opposite side 32¢ of melter 32 such that AC or DC current is
capable of flowing therebetween. Preferably, clectrodes 38a, 38b are positioned at
30  or near the bottom 32d of melter 32. It should be noted, however, that any
arrangement of electrodes 38, 38b is suitable for use in accordance with the
invention so long as sufficient current is capable of passing through slag 36. It



be limting, the arc plasma preferably is operated by a DC arc and the
joul e heated nelter is operated by AC power. The DC arc and AC powered
joule heated nelter 5 arrangenent ensures the ability to independently

control and opeﬁe each ~ conponent. #" The use of nel.ter
I n conbi nation arc plasma provides nore uni form an

prior art techniques. In addition, utilizing deep vol une heati ng

provi ded by the joule heated glass nelter facijp.tates ease of operation. It
10 al so provides the constant heat source necessary to maintain sufficient
el ectrical c oshukd dlso be/noted thae meitert 32 may also dicldderadditional elertiodes 38xf suthhe

arc plasma which uiﬁeﬂiyas%ﬁgifﬁ#;% LI (‘.ﬁbnconduct I on "path through the waste

material . Addition tegrated system all ows the furnace

walls to be further frmmm%aisaml aukiliary heatdr39stémig0. aAs AREirkted id!

heat source provided Inductlve eating and/or mxing coils 15 may be

utilized to provi dgl&d%(ﬂrm hea MW“MWW !!Z,Fvsmlmt $%e

increase in walk dj @'f? 0. Wik pat TRt
reduces t her ma re s on t?‘ rnace fi?%l ng he presenﬁ&lﬁﬁ\%ntloned
al so allows the us# lmung, MJ&@PB@M&@V@ dngmvecomme’oym de

Adapendent cont r poiohingsr BadBC A€ auciiry Bl (SR B, She 26 Gows (i peter
provi des a conti nmmrgugmmuﬁmmwm itsis theated: by heaters 92. \Sihg! 36 tiencfiowsthrough
whi ch can slag pouring conduit 94 to port 96 and is discharged therefrom to slag collector 100,

10 Port 96 may include a flow control valve or the like to control the discharge of slag
36 from heat system 90. Auxiliary heater system 90 is utilized when it is desirable
to decrease the viscosity of the slag in order to maintain the slag level in the melter.
Maummmsymﬂmwmmmforhatlossutheshgappmchesme
slag discharge prior to dropping into the slag container. As illustrated in Fig. 2,

15 slag therefore may be collected in containers 84 and/or 100. When hazardous waste
is being processed, it may be desirable to have containers 28, 84 and 100 sealably
connected to ports 18, 82 and 96, respectively, in a manner such that air and/or
gases do not enter or exit the system therethrough.

The process of the present inveation will now be described. Waste material

20 26 is fed from feed system 20 through entry port 20a into fumace 12. As mentioned
above, arc furnace 12 preferably includes graphite electrode or electrodes 22
~operating with a DC arc. This arrangement is particularly suitable for processing
solid waste material into glass or slag and a useful gas. -

| The arc 216 in furnace 12 is preferably designed to contact directly feed

25 material 26. Twotypesbfpowasupplyamngementsuemitableforuseinthe

.- presentinvenﬁonmconvmm@phaseACpowerianCpqwerinorderto
initiate and maintain a stable DC arc in arc furnace 12.
Fig. 3(a) and 3(b) illustrate DC power system arrangements only for the arc

pksmaporﬁonoftheamﬁlmaceandjmﬂeheatedmelteramngementshowninﬁg. '

30 2. mejoulehemedmelterpomonofthlscombmedsymmmyunhzea
convennonalACpowersystemuchasthosepresenﬂyusedbyandavaﬂablefor
Pacific Northwest Laboratories or the Department of Energy. Asshowanig
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be optim zed for different phases of operation.

heati ng may

For exanpl e, additional

be required for pouring glass or maintaining the glass

pool tenperature wnile

during the initiation of feedl ng.

surface

streans.
muni ci pal

anount s of

quality

-7-

10

15

.20

30

addi t1 onal

surface heating may be necessary
In 25 addition;, different mxes of

nme heating are appropriate for di fferent ,‘m%
e ratio of surface to deep vol une heating nn"E.)rm?ess or

wast e, for exanpl e,

than for industrial waste containing |arge
nmetal s and high tenperatdsre materials. The hi gh

vitrified products -produced in.accordance wi-th the present 30
i nventi on n3p).tAeconyertional three-phase thyristor bridge-type owtifier-200 with apfivatingte

vitrified
use i n roads an

be util i zedan ACrwoltage to thymtels ZMapZMEwhhh rectify first phase 202a. Sxmilarly,
secondary uansformer wmdmg 204 pmvndes an AC voltage to thynmrs 206¢, 206d
which rectify second phase 202b while seeondary transformer wmdmg 204 provides
anACvoltagetothynsm:sZMe 206fwhxch recufythudphasezozc In this
manner, a rectified phase demgnated as 208 in lﬁg. 3(a) is pmvxded across points

210a and 210b.

o el MGl sy GRARARRE ohlE QoA A 7

- "Clamping" dxodeZlZueonnectedbetween (+)218and(-)2200mputsof
thebndgetectifier lndnctoerhseonneenedmsetmwnthanungmundedoutput
eablebetween"clampmg dxodeznmducfumcelz Inducwr214isusedw
supply transient voltage frequently tequued to mamtam a slable arc 216 during
opetauonofamﬁxmaeelz Thefunctionof"clampmg d:odeznnstopnmdea
pathforthemrrentfmmmducmrzutoﬂowwhenthevolugeofmarcnﬁ
exceedstheopencucmtvolhgeoftherectiﬁer
' Refunngnowtomg 3(b),anotherconventionalc1rcmt230toconvertthree
phaseACpowertoDCpowerwhlehmnnhbleforusemthep:eeentmvenuonxs
shown. Th:stypeofchwitismitableforusemmmimngaDCuczmmﬁ:mace
nand:sfrequentlyuuhzedeCamweldmgsystems lnthecm:u:tshownm
Fig. 3(b),satumblemeﬁors232a 232band232ca:econneetedmsenesthheach
_ofthethmeACseemdaryuansfomerwindingsandthemmephasedmdemcuﬁer
bridge. 'l‘heﬁmcuonofumrabletenetorsm 232band232e:stovarythe
mpedanceofﬂneACwnentpatbbetweenﬂnhansfomerandtheACmputtothe
diode rectifier, therebypmvxdmgameansmmamtamthedeeitedamwntofnc
eune:nmacmlﬁeventhoughthearcvo!tagemaybevarymgmherrwndly

N E N

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

A chmpmg dmdemnotnwesurymthetypeofcimuitshownmmg 3®)
becausethedlodesmthebndgerectlﬁerprovndethlsﬁmcuon Induetor2141sused
tosnpplytheuans:entmvoltageneeessarymordertomnmtamambleDCarc

216 in furnace 12.
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‘bui | di ng bl ocks, thereby minimzing absorption of water within the block.
Furt her, the vitrified pr oduct S“hlsTst;eetbasB&hRElefcbcﬁd to a final form

whi ch exhibit substanti al vol.u r prior art
vitrification products. The solidi f| abI e for di sposal
wi t hout heal t hWO%KR#44dr risks to the envi THRCHUSSEIBH g
has outlined sone of the nore pertinent objects of the pr esent

i nvention. These objects should be construed o be nerely illustrative of
sone of the - nore promnent features and applications of the invention.

Many ot her benefici al lgPWﬁul ‘h@“@m e &t feattot
di scl osed invention i rl1 g ergrlﬁieggﬂner ?‘ i n% t he F&?\?ent I on
as will be descr iresifier haveas auffigiestly bigh@pes ppment DC voltagefto nprmallyoexceed the DC

R L

BRI EF DESCRI PTI Otiolding' &ipresét/ntigritde of DC current while the drc vbltage ranges Stoam zérngo of

:gﬁeﬁr?ﬁegénj 8#: t‘H g ﬁl{ffofrenc ) h.ad to tae 1ﬁ foll ovﬂ.&g descliaﬁgt.l on

Fig. 1(a) shows aapyifgd fupidiygl enbodl ment of the arc pI asma furnace and joul e
IfamﬁlmaceulspowemdwnhACmtherthanDCpower,thenthe
saturable reactor type of circuit sﬁown in Fig. 3(b) is preferred since it will provide
a greater degree of arc stability than a conventional thyristor type of AC switch.

10 Contact with the arc and the specific gravity of metals present in waste
matenalZGrewltsmthefomuonofth:eephasesorhyersmﬁnmeelz a metal
layer,aslaglayerandagaseouslayer Amfunmceuopuatesmawmm
range of about 1400-2000°C, andptefenbly in the range of about 1550-1600°C
based on the composmon of the waste feed. The arc plasma operates in a-

15 temperature range of about 3500-4500°C.

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

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

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

ces “!‘hepﬁmuymodeofoperaumfumacelZandmeltarSZmpyrolysxs
However, operation in a partial ondauon modemayberequnedtoasslstmthe
processing of large quantities of combustible materials.

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

30 60, and the necessary equipment required to couple the arc furnace-melter unit
thereto. For example, system 10 preferably includes hot gas cleaning equipment 40,
waste heat recovery unit 72, and air 48 and water 68 injection systems. While not




heated nelter according to the present invention in which the furnace and

nelter are formed as a fully integrated systemw th a comon nolten
bath; 20 Eig 1(h) shows a fully i ee and
melter in which the melter portion electrodes are positioned at an
angle relative to the vertiical portion of the arc plasma-nelter unit;
Fig. 1(cwossessithe ful |l y'integrated system of Fig. 1(b)PCHUsShASMet i c
coil's for inductive heating and m xing in accordance with the present
i nvention; 25 Fig. 1(d) illustr es the fully integrated system of
Fig. 1(c) having a secondary t herfral . boost in accordance with an

al ternat | V&o‘im%dp@? éeh%ondmomh? PRREds O waste matedm.l 26 ififéed %
|IIustrates afully egrated arc asma furnace an oul e heat'ed nelter

system wi t mmwwmmmf@tpm& halljdlmmllm
Cyarem 1 or SH3h k. ARIPE R deltalild BobipoRR B off'dah SERuBBilg Beodeed 01"
ihrgmwsexnmg¢ﬂ=ubmpunu4Mtxthegmsﬁmﬂlnﬂhneﬂ:nmuweamyamﬂgm&s

5 therefrom. lha&mﬂﬂy,ﬂwtndygascmmkmmmqgmummnulﬁwthegmnsexmmgauc
ﬁumwzlzlsguqulupumumxnhwtgutmmnﬂpumudou)mumnuzﬂwanmmm
ofpmuummuemummgnnhmeSG

_ Thegmuwlnommzdnnﬁnmme12amumuﬂmmﬂﬂegmwsﬁnuwdasatamkcf
fastpymlysxs Asdiscussedhemn fastpyrolymgemllyresultsmatleastﬁ%

10 convemonofwmematemlmauwfnlgasforcombushon Arcﬁxmacenuuhzed'

' unauxmwnmevwﬂnﬁn1nanmthnwnumnﬂmu;uuwuasagmscomunnngabmn 2%
cubondmxlde Mwaonmuno:dde 43%hydrogen,2% methane and the balance
bmmghﬂnhyhmnﬂmus THegugmmhunnnﬁnmmelznsumnpmwdﬂumnm
hne30nohntgasckmnupxnntdﬂvﬂumeaﬂ:d!xsmumnma!andlhusmqnmmwdfhnn

15 fuel gas 44.

' lnmhemw48emumcnmpnmmr4ﬁtmlmr§0emmngomnmwanr46nnybe
dunduinnosewuald@ﬁwnylunnnm Fhrammmﬂc air flow 50a is fed to combustor
52amiurﬂmwsm:mmyheﬁdloﬁnmuz12 _

_ IMElgms4lammmtmmﬂnﬂnrSZandcommmmavnﬂxamsnn Ikugwusand

20 aunnil;nnmmxdnuumﬂmmnri!dnwasuuhmﬁSvammxscummxuﬂto
gmmmmﬁmchthuemtyﬂnsthuebygenm Turbine 56 is
pmdbumhpahqﬂndﬁcwntnammnnawulgntuﬂmnm Sudmnnhnnsans
ummnucnﬂyawnhhb '

| 1b1nanesdﬁpowmwdopux&m1eqx:nnyduﬁngsmnup a varying amount
25.<f:nnnﬂ1ymoroﬂmrgmeofﬁmﬂ$3nmybeﬁulu:umﬂmmum!ﬂcbrummmﬂ
| anmbuannlaupnessasshownxnlﬁg lﬂ» _
Wateraemerssymmﬂmughpumpﬁtohutmoverymumsystem
72, i.e., aheatmhmgerwhuehentﬁomhotwtbinemgas&exchangestoﬂow
70. !khmnt?ﬂnssqnmnaiﬁonluuun751nhantuxweqraunnswmun72
30 "s:eam%xspxefenmyrecycxedasmmvsmwrbmessandasmsowm
| ﬂburSOb asshownlnlﬁg lﬁntequznwa
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- 8- Figs. 4(a) and 4(b) 'show two pI an views for el ectrode

configurations and ~ geometries foThidSheet Hed B rated systens
Fig. 5illustrates a circuit diagram h “!“m ty to connect a

portion of the AC el ect.r odes that ot h AC and DC
according to twoen4set ated 5 systens; n PG(@W
6(b) |Ilustrate DC power system arrangenents for the arc pI asrra

portion of the systens of the present invent Lfﬁ] Simlar
reference characters refer to simlar parts throughout the several

views of the draw ngs. R&@mn 'ﬁn%?‘%ﬁﬂéﬁafﬁmm FERYEP
EVMBCODI MENTS ﬁeferre enmbodi nt of the I nvention :“;Eshown in

Figs. 1-5. In thi Blustrated exmﬂm@mpm 4%; combustori52 and 28 furhine-56) aret replaced
o oingl o gl ase. mepy i ftpiat onbution Glpfl S8, Cfindi] BB ok copind 48 ARER Gaser' ”
through the use ofo wtilizp and alay(bevmeredokt efficigntctharcal compressor-gas turbine, especially
5 for small tunable plasma-melter electroconversion units. Air 50a and auxiliary fuel
33 may be fed to internal combustion engine 55 in a predetermined manner based on
the composition of fuel gas 44. Preferably, the efficiency of engine 55 provides
sufficient electricity for all or substantially all of the electrical power required for the
tunable plasma-melter electroconversion unit.

10 While not intended to be limiting, mmﬂcombustnonengmeSstprefembly
operated in a very lean mode, i.e., a high ratio of air to fuel with hydrogen-carbon
monoxide gas as fuel. In this manner, electricity may be produced from hydrogen-
rich gas. By operating with low equivalence ratios (fuel/air ratios relative to
stoichiometric ratios) in a range of about 0.5-0.6, production of NO, may be greatly

15 reduced, i.e. by factors of more than 100 relative to stoichiometric operation.
Hydrocarbon and carbon monoxide emissions should also be very low.

Spark ignition internal combustion engines are advantageous in that such
engines are less expensive for very small units and are easier to start and stop than
turbines. To facilitate production of a desired level of electrical power, particularly

20 during startup, an auxiliary power such as hydrogen-rich gas, propane, natural gas
or diesel fuel'may be used topowerthé internal combustion engine. The amount of
auxiliary fuel may vary depending on the composition of the waste stream, ie. the
heating value of the incoming waste material and the amount of combustible material
in the waste material and the power requirements for waste processing.

nels

25 An altermative, preferred embodiment of the invention is shown in Figs. 4-8.
- vclnthis-embodiment,theDCarcandthe_Aquulehmdelecuical systems are fully
integrated and operated simultanéonsly.in a single glass melt, but are isolated

electrically from one another through the use of a special power delivery circuit.
The arc plasma-melter combination illustrated in Figs. 4(a)-(c) and § is thus

30 integmedboththennally;ndelecﬁigally, while the arc plasma furnaces coupled to
the joule heated melters illustrated in Figs. 1(x), 1(b) and 2 are thermally coupled in
one direction, i.e., heat in the molten bath in the joule heated melter is not used to



The arc plasma-nelter conbinations illustrated in Figs. 1(a)-1(d) and 2 are:
|ntegrated both thermally and el ectrically. The fully
rtegrated prasma- met ter systens 1 naccordance wth the present

i nvention provide the advantiage of having continuously tunabl e proportions
of pomrwﬁw; ween the plasma heating and the gl ass ngldrRjsedifisdal N9- For
exanpl e, continuously tunabl e i ndependent powering 1s useful when
it is desirable to utilize : one portion of the system e.g. the arc

pl asma or the nelter. The continuousl| y17- tunabl e i ndependent .poweri ng
provides robustness and facilitates ease of operation. under changi ng
condi t i ons hedkithe molten mwtyomM|m¢nm¢rmemnwm inghe gre plasma  onal | y
| mproves e%%g&#gncy and maxi m zes environnmental - attractiveness by

provi ding a ronal control over solid waste products, e.g. glass, and off

g?st ] gen:aratrhomlly umegratedI t plamnie‘maltermymenisl yin acconddnee m]hlietbepthsem op;arat i on
0 e arc ashma_an owWs e.use sel e i ous_ types
of heati ng“PVMH%FgE f‘ﬁ'é"'&ﬁ%%sﬂ’ “(“%'F f #‘5@"3&8&"1’8@5\9 SEROPEi at i ve
sur f ace 5he péswieen thedplakin impihe 136 IReleP YFo€example, ified at the

initiation of feed| ng. So at Iower but Stl| substant al . unts of
pl asma poweentingously ninable indepeadent. pow 'Iélﬁ gﬁz"waste

one portion of the system, e.g. the arc plasma or the melter The contmuously
tunable independent powenng provides robustriess and facilitates ease of operation
under changing condmons The continuously tunable mdependentpowenng ‘
10 addmonallylmpmvesefﬁmencyandmudmizesenvmnmemal attractiveness by
provndmgaddmonalconuoloversohdwastepmducm eg ghss,andoffgas
generation. '
Conunuouslymnablemdependentopmmnofﬂwu'cphsmaandmelter
anowsﬂwusertoseleavaﬂoustypesofheaung Foremple,themplasma(or
15 plasmas)pmvxdesndmﬁvesurfacehunng Iargeamountsofplasmapowermaybe
used at the initiation of feeding. Somewhatlower,butstillsubstantnlamountsof
plasmapowamayheuseddunngeonﬁnuousfeedmg Highsmfacewaste
tunpemﬂneheﬂngfacihumhghthmughputpmgaswenasfastpymlysisto

pmducehlghqualityemnbusdbbgas mghmﬁacehemugmalsoneededfor
- 20 pmcessmgwherethematmal:sdifﬁculttumeltorwhenthemﬂemlrsmghly

conductive, thereby limitlngthceffechveness ofjouleheatmgwuhglassmthe
absence of arc plasma. ' :
Ioulehemngwnhglmmelterelemodespmvmdeep volumemcheatmg
mwpeofhmnsinwmpmdnmofmshquﬂnyshssbypmmomsmxmsm
25 the entire melt pool. Italsopmvndesconductivemawnalformorestabhtransfer
“ar¢ dpStation. Tndepmdentuseofvohmhuungmayalsobeuﬁlmdto
munmnthewastemamoltenmalowpowerreqummentswhentbmxsno
feed. Volumetric heating is also important for glass pouring. :
Comnuouslymnab!eindependuupowenngofphsmaheanngandghss
30'melterheahngfacnhmmthcunofexuavolumemnheaungforputpomofghss
poumgorimpmvedgmspmducumwithontmcmsmgtheadversecffectsofonly
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-9- t enperature heating facili tates h| hlr(g ghput processing as
well as fast pyrolysis to pr odiis y conbusti bl e gas. High
surface heating is also needed for ‘mhw i\ ‘ where the material is
difficult to nelt or where the mater conducti ve, thereby
limting the efWO86R4dhess of joule heating with glass in the

arc pl asna. - Joule heating with glass nelter el ectrodes provi des
deep, volunetric heating. This type of hegting ensures production of
high quality glass by pronmoting mxing in the entire melt pool. It

al so provi des CONGHsina\iiRatifiy fich ab exdebsive>vdlatilizativreof mawfiiloind thermal Stfessing of
operation. |ndependent use of volunetric heating nay also be utilized to 10

mai ntai n the wast dbe furpacgwallen state at | ow power requirenents vvhen there

is no feed. Vol ungf ¢ i ﬁwmﬂéﬂ
Cont i nuously tunabl e %g%gdﬁ%t power | asma he?gﬁ
mel ter heating faofaigivenstype bfwaste stotamy mﬁa

of gl ass

ng and ghsmmmptsges
5 unit may be used to optimize processing ofdxffmnttypesofwaste streams. For
example, municipal waste streams may generally require lower relative amounts of
plasma power than would streams that have high melting temperature materials and
larger amounts of metals such as hazardous and industrial wastes composed largely
of inorganic substances.

10 The use of volumetric meiter heating also facilitates a greater range of
options for plasma electrode configurations. - Because volumetric melter heating
maintains material in a substantially molten and conductive state, more than one
plasma electrode may readily be utilized. This is in part due to the molten material
providing the conducting path between the electrodes. It is thus readily possible to

15 continuously tune operation for the use of one or more plasma electrodes. The
increased flexibility may be used to optimize production of combustible gas,
minimize particulate emission and reduce electrode wear.

Continuously tunable independent powering of the plasma and melter heating
systems thus provides a greatly expanded amount of temperature control. Spatial

20 and temporal control of temperature which had not been previously available may be
used to improve the practicality and environmental attractiveness of combined arc
plasma and melter vitrification systems. '

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

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

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

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

30 melter because the joule heated melter is capable of providing the necessary heat to
maintain a conducting path between the two arc plasma electrodes during idle
famace periods and also provides uniform heating in the elongated melt chamber.

v



pouring or inproved glass_production wthout increasing the adverse effects-
of only 15 plasna heati n such as excessive volatilization of material and

thermal stressing of Rnalhded ln additionto .
conti nuously tunabl e |ndepe durlng processi ng of a given

type of waste stream the t s of the integrated plasm nelter
unit mayWoe6R#et to optinize proceSS| ng of different ty TUSP6/Aa83: e
streans. For 20 exanple, rmnunicipal waste streans may generally require

| ower relative anmounts of pl asma p@wer t han woul d streans that have
high nelting tenperature materials and Iarger armunts of netals such

as hazardous an%rg&w% ?r?ne : aﬁh&e rganl C
subst ances. e use o vo‘ﬁpmetrl c ter uﬁ;leatl ng a

facilitat earangement evhicheallpwsfas@ge oﬁmmmcmmgwem usmg
o Oubat fPerebE eitack U 1 bl Spilotabl Fe flgves melRL T WiBel™ © L%
el ectrode nisp alloadisimpulbaneotisi dpezation of aiDC iasc plasamn circuit shréugh ithemeh! t en

mat eri al ' rovidin e .conductin at. etween the electrodes. It is
thus read Ibﬁwfég emggptb?eelectggm dg t § fise of

one or Nnol Qubhégsd cobmsr daiRae. m&&wwm&hwwmemﬁ%gsed to

optinmi ze production of conmbustible gas, mnimze particul ate eni ssion
and reduce Veilldletsrmine the preferred operating mode. . . . |

memﬁeglatedarcplasma-meltermitMisshowninﬁgs 4(a) - 4(d) and
mch:desmcnonvesselm Itshouldbeapprecmedthatthejmleheatedmelter .
10 famhtawspmducnonofah:ghquahtypymlymgasumgthemimmumenergymput
to the process. Thissimatinneﬁstsbeeauseencrgympmwthemdoesnotneedto
begreaterthanthatmquuedtoprymlyzeandmeltthemmmlmthemzone The
moltenbathbelowtheunmdtedfeedmatemlumumamedatdeshedtunpemmre _
using joule heating as opposed to using only an arc plasma furnace. = Air/oxygen
15 and/or a combination of air and steam is added to climinate char from the melt
surface and adjust the redox state of the glass. ‘The joule heated melter provides
energy (L.e. hot glass) near the sides of the bath where the gas/steam mixture is
introduced. Integrated unit 300 may also inchude auxiliary heater 320.
~ Reaction vessel 302 includes top 302a, bottom 302b, and sides 302c and
20 302d WMbmayhaveagmnyV-shapedconﬁgunmuﬂlumatedm
Fig. 4. Rumnvmdm&nhermludesatlastone:ponoropemngmdafor
introducing waste material 330 into reaction vessel 302. In a preferred
embodimeat, reaction vessel 302 includes a phrality of ports or openings 304a and
304b as shown in Figs. 4(a) - 4(d). Ports 304a and 304b may include a flow
25 _conmlvalveorthzlihetooonﬂolﬁwﬂowofwmmﬁalmintoml 302
'and'wpmemmﬂomemnngvmelmﬂwmgh It is also preferred that
such ports 304a and 304b be capable of being controlled such that one or more can
'beselecuvelyuﬁlmdsepamelyorsmulnnemslywithomoranmhu Reaction
_ vessel302:lsomcludesasponoropenmg306mdmetallslagpounngponor
30 opening 310. As discussed abovewnth reference. to Fig. 1(a), gas exiting from port
306 preferably will eater lins 30 (as shown in Figs. 1(a) and 1(b)).and will be sent
to a scrubber, turbine or the like for further processing. Pon306isprovidedwitha_



~-10- Conti nuously tunabl e i ndependent powering of the plasnma

and nelter heating systens thus provides a greatly expanded anount of
temperature control. Spati al . and tenporal control of tenperature which
had not been previously avail abl e may be used'to inprove the
practicality aNtP¥®#4onnental attractiveness of conbined arc

and nelter vitrification systens. As di scussed herein, the ful
integration of a joule heated nelter with thegmrc pl asma i n accordance
with the present invention also facilitates the use of an el ongat ed

el t chamber wtgﬂémmqgmsomhelmwm gal Tormea meaacﬁaﬁcgessalaozsmaybe
capabl e of providing.a_con or _current pat ween the two ar
pl asma 10 el ect r ¥ifstivel YIW‘%“E%FH‘% 20, Mﬁyﬂ& Fﬁ Ped, agner similar to
flexibility of Bbmnﬁfl griedto

an g tre‘z)f‘;)ust ne;!lg)wninl?@ i) W ﬁiﬁﬁ ade

el ectrode life arc ﬁlasna el ectrode- elongated

chamber arrangeneﬂ?wlﬁmwwmttwhwﬂmtm et3lagimay be removed and

5 introduced into metal/slag collector 312 at predetermined periods of time during the
process. VﬂumlmmuﬂomswmazlsbmngpmxuuuL1tnuytw¢kmuﬂﬂe«:huw
collector 312 sealably connected to port 310 in a manner such that air and/or gases
do not enter or exit the system therethrough.

Chamber 320 functions similarly to auxiliary heater 90 shown in Fig. 2. In

10 particular, due to differences in specific gravity, metal in metal/slag layer 332 moves
toward bottom 302b in vessel 302, Siag in metal/slag layer 332 exits through
opening or port 326a into conduit 326. It should be appreciated that conduit 326
may be positioned similar to any of the configurations as shown and described with
reference to conduit 98 in Figs. 2(a) - 2(e). Slag 334 is heated further by chamber

15 322a and 322b for a time sufficient to provide a homogeneous slag product. Slag
334 then passes through slag pouring conduit 324 and port 328, thereby exiting
chamber 320 into siag collector 336. When hazardous waste is being processed, it
may be desirable to have collector 336 sealably connected to port 328 in a manner
such that air and/or gases do not enter or exit the system therethrough.

20 Reaction vessel 302 also includes a plurality of AC joule heating electrodes
308a and 308b. As further shown in Fig. 4(a), electrodes 308a and 308b may be
positioned across from one another on sides 302¢ and 302d, respectively. In
addition, electmdes308:-308bareposmonedsoastobesubmergedmtheshg332
mix when the process is in use.

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

. « = electrodes 308a and 308b in accordance with the present invention. The positioning
of electrodes 308a and 308b as illustrated in Fig. 4(b) facilitates replacement of the
electrodes. In particular, this type of arrangement allows replacement of electrodes
without the necessity of draining the furnace hearth. Draining the furnace hearth is

30 unmuuﬂneasncmwndqgwan1hehnmgofﬂwihmnu= Aammhmgy,phmmg
electrodes 308a and 308b at angles 3093 and 309b respectively, while
amulnnwuslypmvenungthempeorrelaseofguﬁcﬂimesthemphcememof
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mel ter because the joule'heated melter is capable of providing the

necessary heat to i _nt ain a conducting path bet ween the two arc
heat i ng in theelongat ed melt chanber . The errbodl rrents of t he
i nvention shown in Figs. 1-5 include a circuit arrangement whi ch

al | ows pWE:MGM4dT the required AC power through the nel (PCRIISAE01283
subnerged el ectrodes as in standard conventional joule heated nelters, and
whi ch al so all ows sinultaneous op_?gat ion of a DC arc plasma circuit
through the nmelt 20 between upper novabl e el ectrodes or, .if desired,

bet ween th%ﬁbﬁ%m W18 mofo gﬁﬁuﬁel%ﬁﬁ The
type of waste and the character of the nol ten sl ag Wi ﬁgaeterm ne the

preferred ®f Mm%wmemmwmmﬂm@mﬁelter

:J'?i tshg(a?dl be %9% J’éﬁ)ﬁ?g ] oul e%%$¥W%M%C|M5525| 202

product i on eldctraddsi aricogted Immfmmjmewmlmem i nput

to the p ocessbe This s tatratron exi sts ause enper he ?rc does
not need t & W glﬂ mﬂa‘ &%@%Mt t he

material i fthd heardl CTROMC. ﬁhﬁexecuodm&ﬁ&xm y foriied it ed feed

material is mai ntar ned at ired te erature ' srng Joule heati ng as
p@iﬁ electrode

opposed to ‘m@ éP'&ngf
maybecoatedtodecmsethemteoferomn

Asfunhershownmm 4(b),ACpoweredeleheunngelmode308(a) ‘

10 and308(b)mprefenblymsemdthmughsidessozcam302dofﬁlmaee302
xupecuvely As mentioned above, mmmmammmve
mﬂ:emeeuvemtemrnde:dﬂwﬁnmaoemprefmblyhuwmabmt%%?
Thewpendofeachmprefmblymdsoutsidethemeulhcﬁnm
enclosumandmybecappedwithmebctnalconnechonwhchwmbeelecmﬂy

15 msulatedfmmtheeleetnu]lygxmndedﬁ:maceshell ‘l'hebowomendofeach
electrodelsxmmersedbeneahmemolwnbathtoademddcmh By selecting the
pmperloeanonofthepomtofmoftheelectmdebelowﬂnsmfaceofthemelt
mpmuonoftheelecuodewillbemposedtotheDCatcormduuonﬁomtmsm,

: therebymc:usmgthehfeoﬂhism _ .

20 Whennunecessarytorephceelecn'odewumdlorm the spent
electrodemmthdnwnﬁomthemohmbath Ifaneweleetrodelsmsemdmtothe
'banwm:pmhaung:heetmde the cold electrode may cause the viscosity of
themoltmbathtomcmsewhemtheelectrodeconmﬂiemolmbath thereby
malnngntdifficulttomertt!usnewelecﬂodeiﬂothemoltenbath Accordingly, it

25 maybedeunbletoalsoelecnieaﬂyenerglnthmelecnodebyusingaspeciﬂ
electnmllylsolmd cununﬁmtedpowermpplywhwhwﬂlufdypmvm
addmonalheatatthejumﬁonofﬂwbathandﬂueelecuodemfuuypmitmmemng
the new electrode into the bath. Inapmfenedbodxment suitable electrical and
'mmmwmmwmmmwmmmm

30 bemsuhtedboththermanyandelecmnyﬁomthemetalﬁcﬁnnmenclm
during normal operation.
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30 requirenents to maintain the slag at the proper tenperature are equal
to the heat | osses fromthe nelter outer surface. This is expected to
be to be very low, i.e., about 20-30 KWnferr] of slag or gl ass
surface area for a properly.designed nelt chanber..Air/oxygen

and/ or a conbi wodan4arl air and steamis added to el i ninat e chmfﬂmiﬁhe

mel t surface and adjust the redox state of the glass. The joul e heated
mel ter provides energy (i.e. hot glass) pear the sides of the bath
where the gas/steamm xture is i ntroducé&tt” Integrated unit 300 may

fop 3024, _bot { om 302b, P4t iy sother pmbodiifdf bt 8 pHERRE toyeiion i SHIES
general ly V- shapeﬁammwmm&lmwmﬂﬁdlfu inductivbibeating landjor idting.
For I ntrodact g wiemeria Bpyie e ptimits eg af mefife, Bivhposirats with B8 naricpiad '3
waste stream being introduced into the combined DC arc plasma-melter, additional
5 sumngormnxmgbeyondthatnomallyprodueedbythemelterpomonofthe
fumaceandtheDCampomonofthafumacemaybedesuable This may be
accomplished by the addition of strategically placed magnetic coils such as coils
315a and 315b to create greater J x B forces which in turn causes additional mixing
and/or heating in the molten bath. Coils 315a and 315b may be positioned within
10 the metal shell of the furnace, but behind the refractory lining of the melt pool.
Alternatively, if the furnace shill is fabricated of non-magnetic stainless steel such as
304L or 316 grade, the coils may be placed on the exterior of the shell. Coils 315a
and 315b are connected to an AC power supply source. The frequency of the power
supplysoumemayvarjdépuxdingonﬂlemaeﬁal This enhancement of bath
15 mxmgmanenmpleofthetypeof tunmg wh:chmaymcreaseﬁ:maceelecuode
life and waste throughput.
_ The same features of tunability of the mix of the surface and volume heating
: thatapplytotheuseofajonlcheatedmell:erapp_lytotheus_eoftheinductively
heated melter in conjunction with the plasma. In a preferred embodiment, inductive
20 heating capabilities are provided with the arc plasma-joule heated melter system as
shown in Fig. 4(c). For some types of waste processing, it may be desirable to
operate with only arc_phsmadndipdncﬁve heating. A representative system of this
embodiment would be the same as that illustrated in Fig. 4(c) without joule heating
electrodes. It should be appreciated that magnetic coils may also be utilized for
25  inductive heating and/or mixing in conjunction with the arc plasma-melter
. « & combinations illustrated in Figs. 1(a) and 1(b). In these embodiments, the arc
plasma fumace and the joule heated melter are each provided with coils. In this
manner,thecoilsnsedwiththearcplasmaﬁxmaeemaybe'opemedandcontroﬂed
independent of the coils used in connection with the joule heated matter.
30 Fig. 4(d) illustrates another embodiment of the present invention in which an
alternative configuration of the plasma melter process incorporates a secondary
thermalboostsystcmm 'l'hissyktemmaybeanucplasminacimmberto

g2
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enbodi ment, reaction vessel 302 includes a plurality of ports or openings
304a and 10 304b as shown in Figs. 1(a)-1(d). The feed system may be any

conventijonal type of feed systemwhich is capableof-feeding -

muni ci pal solid waste or other waste such as hazar dous waste, hospital
waste, ash froman incinerator or the like to vessel 302 so | ong as

t he f eedWOPs24841 does not allow air to enter the vessel PETHSNORI: feced
system Ports 304a and 304b nmay include a flow control valve or the
like to control the flow 15 of vvaste_aﬂjl_terlal 330 into vessel 302 and to
prevent air from enter| ng vessel 302 ™ therethrough It is also

preferred ﬂ%%ﬂ M:,S,Q Ber3ibib $ia exitinigCNt 1 Ol | ed
such that ne or- m)re can be selec |vze*?y util1zed separate mio.r'.
si mul t aneo thel primary plasma-meltes poodess: . ARshown ml“zeﬁwlfoBmle.dimnshDdes gas

g;n ggrg 6r gas g‘?&%‘ﬁ%@' ME’?E’W‘*%M any cgggeﬁtl?onal

mat eri al which Ebirversion of wasié ke electrical eierpylfor the plisnm meltdriprocesd € gas. For

Smx?gp;efsana wh|‘I e not, neant to, be#@dtlﬂgg; ‘g’mﬁport 3068% be prow ded

reaction vEppgrolysiprofiisesa poitivhtof\the u:nﬁﬂé gﬂmﬁly bmﬂnlobﬁan%leslthnl
preferr ed tgﬁtmmedminwmgmmls If the gas exiting the primary plasma-melter chamber
is allowed to cool, hquefacnonofapomonoftheoff-gasmayresnltduetome
| condensablespresentatﬁ:mwetempemuxm 'lhesecondaryplasmaoff-gas ‘
10 chambexensumsthatthmoﬂsmconveﬂedmnommdmuhlembumblegases ‘
mulhngmanenhaneedreeovaryofenergyvalneﬁomthcmeommgwm
materials.
Whmseoondaryplasmactnmbermupommedasshownmng 4(d), the
gasemungﬂwpnmaryﬁxrmcechamberdoesnotdecmsemmpenmmbefore
15 entering the secondary plasma chamber 307because the two systems are du'ectly
.coupled Th:smmm:mtheovenuenetgyrequmsntsforthecmchngand
gasxﬁcmonprocesm N
Inaddmontoenhaneedenexgymcoverymthegamusefﬂuentofmeuc
plasma melter process, theplamoff-gaschmbermmnhereﬁmmmnc
20 specxesthatamnotdemyedmthepnmaryﬁmcechamber 'I'lusenhanmthe _
| effecnvmessofthepmeecswdemoyaﬂpmcumorspecmsnchuforthefonnauon
' ofﬁmsanddxonns Add:tnonally,whcnuunngvolatilemdsemvoh&letox:c
organics, thesecondaxyphmachambercmeffechvelyduﬂoyalltoxmspecnes
'Beauseancondmuhlespeuumdungthefumaeemeonvemdtoab\m'ble
25 gasmthesecondaryplumactmmber secondarywastegenetanonxsminunized It
shouldbeapprecimddmthephsmaoff-gaschambermynmdwaysbemqumd
butmaybemdependenﬂyconuolleddunngthepmcess N
DCelceuodesslhandnlbmpmdedwnhmmmnvesselasshownm
Fig. 4(a)or4(b) Asshowninmg 5, elecuodes314aand314bsupplyarc344
30 whxchcomaasfeedmatenalm Oneormomaddmomlelectmdesmmaybe
' pmvndeasshowninngs.ttorSmchthatpomveH) 340:ndnegauve(-)342
outputs are formed thereby.
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“di scharge port 306 be positioned at or near top 302a of vessel 302.
Metal /slag port 310 25 allows neﬁar/slag whi ch has formed and collected in

_vessel 302 to be discharged and - ‘separated fromthe gases and sl ag
formed in vessel 302. Di scharge port 310 is constructed ';?3?2? ner
which is capabM®¥48ntrol 1ing the discharge of nolten %‘QP

vessel 302. In particular, port 310 is designed to have a flow control
valve or the |like so that netal and/or slag mgy be.renoved and introduced
into 30 metal /slag collector 312 at predeterm ned" perlods of time during

the process. \Wen Ofsconfigatationof integrated eystegn SO0 involvesitheise wf gagaeitors 356
desirable to hav&‘@

| | ec; 312 " e : .
- 12- seal a X ﬁégm%ﬂ the distyibption f power. ; Asshown in Kig- Saaq; or
gases do not ent einglé phase joul¥ hbatdd e AR MAIRE 302 Mivinig i single pair of electrodes

314 and 338 for arc 314 is illustrated. Preferably, the joule heated portion of melter
5 302 utilizes AC power supply 346 while the arc portion of melter 302 utilizes DC
power supply 348. | |
The preferred embodiment shown in Fig. § utilizes the combination of the
DC and AC power systems 346, 348 respectively, supplying power to electrodes in
the single vessel or melter tank 302 in which waste material 330 is undergoing
10 treatment by a conversion process, including vitrification. A special circuit is
necessary because DC arc current 314, 338 will interact with joule heating AC
electrodes 308a, 308b unless special steps are taken to prevent such interaction with
and failure of the transformers which provide power to the joule heating electrodes.
This circuit allows fully independent control of the arc plasma and joule heated
15 melter. | | |
If single- phase, two-phase, or three-phase AC arcing electrodes-are utilized
instead of DC arcing electrodes, there may still be interaction between the AC arc
circuit and the joule heating AC circuit. While the AC-AC interaction is quite
complex, there are many dependent interactions which can occur, and under these
20 circumstances, it is often difficult to control localized heating and electrode erosion.
Accordingly, it is preferred to utilize a DC arc circuit in combination with a joule
heated AC circuit. :
DCpowusupplymincludesmducmrm primary winding 362, secondary
windings, 366a, 366b and 366¢ and saturable reactors 364a, 364b and 36dc.
25 Primary winding 362 is preferably delta. Saturable reactors 364a, 364b and 364c
- » = are connected in series respectively with secondary windings 366a, 366b and 366c¢.
If DC current 348 passes through waste material 330 and stag/metal melt
pool 332 having submerged joule heating AC electrodes 308a, 308b connected
directly to the terminals of transformer 352 with no means of blocking the flow of
30 DC current 348 through the windings of transformer 352, the core of transformer
352 saturates. This results in increased current in primary winding 350 of
uansformerSSanusingmnsformCrSSZtofailinaveryshortﬁmepeﬁod. In
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S such as air or gas entry port 302e,

‘Vessel 302 may include addlt ‘ﬂ’pgf}‘e gdy port 302e includes flow

shown in Figs. 1(a) and 1(b).

et

caontrol ., such 5 as a flnw CO the like Preferably port 302e
Is positioned to enter ace wall at a |evel proxi mat e
to slag material 332 as shown I n F|g " 1(a). In this manner, air 50b
(whi ch neNyOo9624441l n a predet ermi ned anount of steam FCT/USPEI1RSY ect ed

into vessel 302 at a controlled rate and tine during the conversion
process to control the corrp05|t|on of thg gas exiting the furnace. In
addition, air 10 and/or stieam may. be imfoduced through opening 302e to

csure nat ik 6¥uafhasliuty opokShd S8 il the A RSRY ARY 5 b8k

Thi sI {e\c,i\zcesmﬂhathcmﬂm lmegmwrm@n&lwmwmACmmMG/\lhgmgh n|ler1t| ]rjlmyases
en _

,rAgS]l‘Jurther |ﬁ@hﬁ%&@%§%@@¥m%&ﬁmyturblgng 56,

fur n2§2“ ol o oS ?““?2?’2”%‘?”2‘2?‘?“ e 450 or et erably

i ncl udes &Qﬁﬁ‘qlség PWS"'HS np H!&%“‘?‘Pg n?/t 72,

and air 48 &mgmgtm ﬁwwmmwﬁ%%d\mr@}s?ﬁﬁ3§%'r& I g.

1(a), a feed C i tioning process for waste 0 nay so be

utilized pricffumeceopemfingonditions s As Iﬁlmmnémmlsommm units
;Pg\é\gslsnf glr gases em%%p uhi MS’ Wga% urb| ZC[ gbbl "
renove any acid Figs. 6(a) and G(b)showacucuxtamngemem which is suitable for use in
10  the present invention. In particular, three phase AC power supply 346 is illustrated
in Fig. 6(a) while DC power supply 348 is illustrated in Fig. 6(b). The circuit
mcludesthemducnnceofachACcumpathmvesselormemrmasreﬂecwd
thmughtheemlmACpowersymm thenon-hnmrmnmnceofthewmm
path through melt pool or molten bath 332, the electrode interfaces, the power feed
15 cables, and secondary windings 372a, 372b and 372¢ of transformer 376 and the
magnitude of the capacitance of capacitors 370a, 370b and 370c which is connected
s a series element in the joule heating: fumace circuit. - AC power 346 also includes
primary winding 350, saturable reactors 374a, 374b and 374c and electrodes 368a-
368f._Sammblemcton3743-374cmconmctedmmecﬁvelytoaecomhry
20 windings 372a-372c. S
BeuusetheACcunmtlsmlysmnsmdalmacmuthavmgmseneswnh
a non-linear resistor such as the joule heating furnace circuit, it is possible to excite
memlhumomcﬁequmesother than_ﬁO___Hettz,;.whic_har_esnpqimposed on the 60
 Hertz sine wave supplied by the utility company. In this circuit, it is important to
25 _account for the non-linear resistance and to specify the electrical components to
achieve adequate damping and therefore stable operation. It is also important that
thevoltage,qm'ent andcwnncenungsofthecapamtormmhthatﬂlesenu
resomﬁequencyofthemmesymmmductamatthefummelecuodesmsuch
. thatthelowenvaheofrenmnceasseenatthesesameelecmdeswhenloohngmm
30 the furnace plus the effective 60 Hertz resistance is equal to or greater than 1.5 and
preferably 2 times greater than the (L/C)"? where L is the total inductance of the
power system and C is the capacitance of capacitors 3702, 370b and 370c. The total

q
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‘gases therefrom Preferably, the onIy ‘gas condi tioning required for the

gases exiting arc vessel 302 i sTyjaSheetdlas BeeaBendaced i on in hot gas
clean-up unit 40 to minimze .the. \’j mn ﬂlslu lculates entering
turbine 56. 25 ' The gases produ 02 are conbusti bl e
gases forned aswesspal t of fast pyrolysis. As di scussed PEHESNO1283 st
pyrolysis generally results in at | east 65% conversion of waste
material to a useful gas for conbustion. \lz\f not to be construed as
limting, vessel 302 utilized in accordance %h the present invention is

expected to provi “@]‘"ﬁf”‘% %oﬂﬁr cifre
30 nonoxi de, 43%g roggsr@%/o n@ioﬂane an al anceaqgel ng |r§ﬁ?/ﬁ s

hydr ocar bons. negigblgafsth;srmdL&:mes el 302 is transported through
[Lne 30,50, 10t 925, 1 30 sl in g Bth, B UBGHE Bl 34 oy ARG pblP ("
-13- transformer with a wye or delta secondary winding 384a-384c. Primary winding
5 382 is preferably delta. As also shown in Fig. 6(b), the power rectifier is preferably
a three-phase full wave rectifier. The rectifier may be a current controlled thyristor
rectifier as shown in Fig. 3(a), i.e., a silicon-controlled rectifier in which the anode-
catliodecungntisconuoﬂedbyaiignnlappliedmathirdelecmde. Alternatively,
the rectifier may be three-phase full wave diode rectifier with the DC current control
10 tommntamthedwredDCcunentsnchasthatﬂlumtedeig 3®). Ifa
thyristor rectifier is utilized, it is important that a full-rated current floating diode be
placedacmssDCoutwttenmmalsS"lﬂa,S’le It is not necessary to add a DC
*floating” or clampmg dmdewhenusmgathree—phasemcnﬁersmcethedlodesm
therectiﬁerwnllsufﬁce
15 ForaDCamfumaee,itisprefembletouseathme-phasefnllwavedmde
:ecuﬁerthhsatunblerucbreontml%ﬁaéue Regardless of which type of
power supply is used, it is important that an inductor is connected in series with the
DCpowerleadvihich'unotgmunded. 'l'lﬁsmcﬁorisnwessarytompidlysupply
theenergywhenthefumeondiﬁonsateuchthattheDCarcvolugesuddeuly
20 mcmses |
IfthebommofthemsideoffumaoeormelterSOZnsmadeofsunable
refractory such as ceramic or the like and is a poor electrical conductor when hot,
ewnterelecuodeSSﬂmaybeformedbydepmgapomonofﬂxeﬂoorofﬁlmace
302 between joule heating electrodes 368a-368f and then slightly elevating the
25 molten metal drain tube so that a pool of metal remains in this depression in the
- » « famace floor even after the metal is drained. This metal may act as a counter
elecmde380fortheACjoulehaungcucuuandmaysmmltaneouslybeusedasa
DC arc circuit electrode.
Metallic furnace bottom electrode 380 may be connected using various
30  configurations such as that shown by the circuit diagrams in Fig. 60). In any case,
it is preferred to have one or more electrodes through the bottom of the furnace or
melter. The electrodes may be graphite or metal. It should be noted that the




Intake air 48 enters compressor 46 and air 50 exiting conpressor 46 may be
divided into several del I’Fhi%fS}ieeSHaismersReplEmd exanple, air flow50a is fed to

fed—to—vessel—302-
Fuel gas 44 enters corrbustku nes with air 50a. Hot gases and 5
st eam 54 8roduced in conmbu r| ves turbi ne 56 whi %M ected to
generat 2P, 58 such that electrici ty 64 is thereby . Turbine
56 is preferably a high efficient steaminjected gas turbine. Such
turbines are comerci al |y avail abpg. To ensure

sel f-powered operation, especially during startup, .a varying anmount 10 of
nat ur al gaemmitsdim Gﬂmmdmgt Bakspedtively inbindé ewitties 388 1and 6 irbaerieor

vt or 68 cMith e SencH commsetion W%ﬁ%eﬁ%iﬁé@%% system

72, i.e wﬁomm b pérate ih Rither 6 fansfes o 2

exchanges to flow . Exhaust 74 IS separated.fromsteam 76 in heat
recovery sn@umyfqt@mammmmfmgmmw ¥“cycl ed as steam 78

Fospoct Pvel y.  ind peléiP Gihfof oF furmce M3 hcilitn M8, 3940 s O ()

process si mmmwmmmponm@mumémmmmmmm t hat
Tt or na  coRAmeER SR Blkohc 6B RebeiB idetoRla il posrunf I SRRRG Ll "
nodemmenulelec&nealmtemeuonbutwnhbeneﬁclﬂmncnonforvmﬁcauonof
alltypesofwaste mcludmghawdouswastesandhospiulwaste ‘

X ' """""onsmﬁlmaceorvessel 400shownmthe
embodunentsofthemvenuonmmgs 7(a)and7(b)a!emmbleforusefonemote
control of installations. Fig. 7 ﬂlnstmes two sketches showmg different plan views
for the furnace construction. Eig.?(a)showsanelongamedeonsmwuonwlﬁlemg.
7(b) shows a round construction. Wlulebotheonﬁgunuonsemuseone,two,or

15 moresolﬂgmphﬁeebehndes,itnspmfened&usetheelongﬂedcmﬁgumﬂonmth
twoelectrodes(asshownmﬁg 7(a)),smeethnsdengnlends1tselfwtwosepamte
small diameter electrode elevating systems, each housed in its own cyhndneal
enclosure. Anyoraﬂofdlejwlehaungelecuodesmrmbeeonnectedto
theseneseapaeimasemnmeleenodesm-dﬂﬁfortheDCucsystem Joule

20 heanngeleetmdeswmyahobeeomeetedinsenesthhelemdem In
thxsense.swimhm:ulsomludedasshownmm G(b) Byadjusﬂngthe
mmﬁACwnemmhthaitspenkvalueexeeedsﬂmtvalueofDCmcunent
cmedbymleheaﬁngeleemdes%-lﬂf thexewxllalwaysbeaeutrenueversal
whlchwxllwndwminimizepohnnuonattheseelecmdes

25 Dependmguponthetypeofwmmateﬁalbemgpmeessed itmaybe
JesuabtweonnectncpowersnpplymsymmmmAcmehaﬁng
elecuodeﬂh,%andﬂk,whchaxetheelecmdeseomectedtoACeapumrs
416:416cmeehvelyandwhichareusedtoblockb¢wnentﬂowthmughthe
seeondarywmdmgﬂlh—ﬂteofthetmnsfonnenasshownmmg 8. The

30 connecnonofDCpowermpplyllZandACpowersupplyﬂOmdemgmtedmmg
8 as line 438. Thereasonforumgthlsemneemnxstopmvidethreeaddmonalbc
counter electrodes closer to the surface of meltpoo1332dunngwa:mupofthe

10




‘20 may be easier to utilize and may be nore cost efficient than a

conpr essor - gas turbine, especially for small tunable plasma-nelter
el ectroconversion units. Air 50a and aUX|I|ary fuel 53 may be fed to
i'nt ernal conbustion engine 55 in a - 'predet ernined manner bhas 2%£e
conposi tion of WOAER244As 44. Preferably, the efficiency ofPCH ﬁ%?ﬁg
provides sufficient electricity for all or substantially all of the 25

el ectrical power required for the tunable pl ggma-nelter el ectroconversion
unit. While not intended to be Iimting, internal conbustion

engine 55 is prefﬁhﬁb&!othtnmﬁ%ﬁﬁﬁﬂ:sf&oﬁn%ﬂ&dmmmdmmmmbMW

ratio of air to fuel with dr ogen- car bon nonoxi de as fue I n
thi s manner, el e(ﬂqsmt(y')r!ﬂ; Eﬂ%ﬁF G""Fr‘ﬁfﬁfﬁ%%ﬁﬂ“ QW“E}’
operating with | rmt&éoﬂda&%mwemem

stoichionetric ratios) |n a_range of about 0. 5- 8 6, production of NJ err]
may be greatly toassigdngstabilization ofithe Dz af$s.s of nore than 100 relative to

:Lghfg' ometr 'bgs\‘jgreglalt 'Olgvik also desirkBlé 16 i VRfbe SWitchid AR4TRE i befiBs Wit B4 RAstral
andekxuode422a,42“3anddBchuonkruaommnﬂthenn@mMMdeofﬂunDCamd
ACtmnum!nuwzndhdnxksdzmbtzul.Aclmmnwmumhramum14n)ummxbs

| primary winding 414 secondary windings 418a-418¢ connected respectively to
saturable reactors 420a-420c. DC power supply 412 includes inductors 424a, 424b

10 and secondary windings 430u-430c connected respectively to saturable reactors 432a-
432c.

JmuehunumuACIENNW&mnMy4100fa1ﬂun1ndkumk1nuwuusnﬂu
unwumtnmmtumpenmnnsﬂuumﬂumtghmsnuﬂnlhumbynﬁnhnhmu;ﬁmmg
constraints for the arc, i.e., an:pmmn,dbanﬂbdumuun and the like. The DC

15 arc is primarily present in the fumace-melter for feed rate enhancement. This makes
this newly configured melter technology more flexible than any other available
vitrification system. The arc supplies the energy in the unmelted overburden of
incoming feed, and the joule heated portion of the melter system maintains the hot
glass pool to insure complete dissolution and mixing of the glass mixture.

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

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

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

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

If the melter technology were employed without the arc, the feed rates would
be much lower due to limitations in heat transfer from the melt pool to the unmelted
feed above the molten glass. To accommodate large throughput requirements, the

30 smndud:mpnnwhlsuanumuunthctndmmmﬁuzauta Accordingly, for a given
pnmmmmgxmm,ﬂwjmﬂchamuimHMvamhlmuﬂtobenmdmhqprﬂmnﬂw
cmmmuwdan:nwkswmunofﬂn;uuumtummnmmm The present invention utilizes

§
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advant ageous in that such

production of a desired |evel
startup,

5 or di
anount

waste stream i.e. the

of

;fssPd

Spark ignition internal

conbustion engi nes are

engi nes are | ess expensive for very snall

p thar

of electrical

liary power such as hydrogen-rich gas,
may be used to power the internal conbustion engli ne. The

power ,

o bimes:

rofacititate

tural gas

auxi liary fuel may vary depending on the conposition of the

and the anmount of conbustible material .- -
pover 1 equithecbenefits dfchotintiet RC aroamsACrjgule heated melter teciGiologias; ag®@oésnc| udes

one or

vessel

322b forga

nor e_heat
328 and sl 40 28
speci fic ‘gravi tMulﬁplbakcelecﬁwea

302 tal/sl
326a into (‘?Bhﬂ%ﬁ"t‘g‘%? ek i ngwguas
dutif® 16ng’ idii 'Wommaqﬂe

334 then passes through.sl-ag pouring 15~
irnm&rmmcqfaa@,@emm Wen hazardous waste is

exiting ch
bei ng processedqybt
connected to port

or

10

15

20

25

30

articul ar,

|lﬁglsé¢ﬁuﬂm$32 réstate this oomunded) 302b in
0 en ng or port

heati ng val2ge of the incom ng waste materi al

in the waste material and the

~conduit 324, port

due to differences |n

ﬁsi 352! ci)nsf?“iJ ‘326, sl.ag pouring 10°
layer gg,gﬁs

xits . throu

49 Raipsing 8

322a and

arc RSP BS IGHSd ct. Slag ™"
conduit 324 and port 32 t her eby

seal abl y

st RS 408 il hted iter in
InNn.a nanner uc t at at I and ar gases 0O not. enter

accordance with the present invenuonprovxdesamethodofqumklylmﬂngfeed

wastematenal:emlungmhngherprocessmgmtesforagwensizedpmoess The

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

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

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

231, American Ceramic Socxety (1991)

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

't’astpyrolysls Fastpyrolyslsresultsmapymlyusgashavmglﬁgherpumythan
other means of pymlysns. The high purity gas facihtates use thh reoently developed

“high’efficiency small gas turbine technology, thexeby sngmﬁeanﬂy increasing

efﬁclencyascomparedmtheouvenuoml sleammrbmesanddecmsmgtheumtslze
oftheturbinerequi:ed mDCmpmvndesahIghwmpmnneheatsoumeto
accomplish the fast pyrolysis effectively. Graef, & al., Praduct Di.m'ibmion in the
Rapid Pyrolysis of Bioma.wleignin for Praduczion of Acetylene, Blomass asa
Nonfossil Fuel Source, American Chemical Socxety (1981) has shown that under
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‘exit the system therethrough. Port—328 may incl ude flow control valve or
the like to control the di schem@ghean‘ﬂasB rom heat system 320.
Auxiliary heater system?20 320 is UE@B‘ ﬁ“ﬂ | s desirable to
‘decrease the viscosity of the slag i mai ntain the slag | evel
in the vessel . wheszusi | i ary heater em al so conpensates  PCT/P6O1E3

l oss as the slag approaches the sl ag di scharge prlor to dropping into the
sl ag cont ai ner. React i on ves% 302 al so includes a
plurality of AC joul e heating el ectrodes 25 8a and 308b. As further

shown in Fig. 1(a, ‘shéf5mai # Bidnd Nimle, munjcipPdiid WA ciBeSS
from one anot her on SI es C anﬁ%ggl espectlvef§/mml addi tion,

el ectrodes 308a- 3ppblyzed inte s igaseons piroductzas showndn Tableck.ged in the slag 332
m X when the process is in use. ' Fig. 1(b) illustrates an
alternative arrangenent for the positioning of 30 el ectrodes 308a and 308b
i n accordance w t ffablke€l. pGas Compositienfrom Pyrdlysis [of MSWaini Plasma Furnade.

el ectrodes 3083 and 308b as il Iustrated in Fig. 1(b) faC| I [ tates

repl acenent of th ) . : e

al  ows repl aceneny 7 K S ) — . -
Percent Conversion to > 65% 45% - 50%
useful gas for combustion - | I
Fast Pyrolysis Normal Pyrolysis
10 2% 10%
4% | 50%
43% ' trace
2% 38%
Light HC's bal bal
15 HHV (BTU/SCF) 350-400 300-350
It is important to note that in comparing normal pyrolysis to that of fast

pyrolysis, agxcaterfuctionofthcincomingwasteis converted to gas. Thermal or-
normal pyrolysis promotes liquefaction giving only 45-50% conversion to pyrolysis
20 gases, while fast pyrolysis has gas yields of greater than 65%. Fast pyrolysis of
municipal waste has been demonstrated using a water cooled, metal plasma torch,
See, Carter, et al., Municipal Solid Waste Feasibility of Gasification with Plasma
Arc, Indusirial and Environmental Applications of Plasma, Proceedings of the First
Intcmamnal EPRI Plasma Symposmm (May 1990). In the partial oxidation mode of
25 operation, the reslduc from both tcchmqucs is oxidized to offset the pyrolysis energy
requuemems
The pyrolysxs gases produced in accordance with the prcsent invention are
well suited for combustion in a state of the art, high efficiency gas turbine generator.
With the efficiency of new gas unbmc-combmcd cycle systems approaching 50%,
30 the presem' mcthod of waste-to-eliergy conversion provides an effective alternative to
standard waste incinefators. Under favorable conditions, the incinerator-steam
generator systems achieve 15-20% efficiency in the conversion of the potential
energy contained in the waste to usable electric energy.

. ®



- 15- W t hout the necessity of draining the furnace hearth. Draining
the furnace hearth is undesirable as it often degrades the |ining of

- el eetrodes—368a—and—368b—at—angtes

309a and 309b respectiveiy, whi |l e si mul t aneously preventing the escape B

or release of gas facilitates the replacenent of 5 el ectrodes as needed.
Whi | e noOWOE/24481 construed as |inmiting, angles 309a and REFPS6R1283,

el ectrodes 308a and 308b relative to the respective interior sides of the
furnace are preferably between abgyt 30- 45[err]. It may also be
desirable to utilize netallic . el ectrodes .or coated graphite el ectrodes

for the joule h@ainﬂsmvh%mpﬁamtdmsoaﬂ&ewm CRVerdion RgSkmi gAs! at any

angle so long as, they are positioned on an intericor face of 10 the hearth.
The arc pl mwm&e@%m%wmmmrmmsm '

gr aphi te. le2ne €l ectrode length just above the bottom of the
electrode nay coated to decrease the rate of erosion.

As further shown in Flg 1(b), AC powered joule heating el ectrodes 308(a)

and 308(p) e 5! © e HHEE) ihobly N CHF TutSfiiioR Wr AR Hubhcd U NaCE
' and Joule Heated Melter vs. SHn&udmmnnm:un SuannGemuwuw
Technology
(Basis = 1 ton MSW).

10 Arc Furnace:-Melter
| Energy requirements 0 | 2.1 x 10° BTU -
| operate system o .
| HV in Incoming MSW | 1x10’BTU = =~ |1x10"BTU |
Losges - |3.1x10°BTU | 8.8x10°BTU
15 |HVinExitingGas | 9 x 10° BTU S |
Efficiency for electrical | 0.4 S eas
[ et Baergy (Riectric 15x10°BTU | 1.5x10°BTU
20 - 22.00 22.00
;umwnm
.:(+)7oom(-)ssoo
25 : o

_ .Anasmmummnxsnuneﬁmwhecampmuwmtﬁihetwouummokgus namely
duutheghusot5hg1uomunpmuhuzd1nthean:ﬁunmu=ofﬂm=pnuwntnnmmuon:s
. 2 usefyl produet, althwghnovaluehasbwuasslgnedtotheglassform
comparison. AAtanmmmmnn,howuwn ﬂhsnuhmmlualuﬂuenmﬂuaudmn
30 nmhuuﬂthntanbaeumwchqhnndcf:nanynnnJuzuMbnskmdﬁﬂ It is also

a&muuﬂthnthenmummmnadhdvmﬂz(uﬁﬁw)ummumnnremmMumdxnalmyﬁy

pumhmdamammmasﬂwlmnﬂwmmmnlmmwdSnuspnﬂmwsmmtmnemumnma
heﬂumxﬂlbasunmudhmdﬁﬂorahmnnkmswmaekmﬂﬁu Ihumyamiumtme
ghum1MthnofNﬁWVpnxzmwdbmndon:mnamhrmmﬂﬂﬂeduz |
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‘15 respectively. As nentioned above, “angl es 309a and 309b of the
el ectrodes rel ative to the respe’ﬂﬁmsuetnmsam lagjdes of the furnace
are preferably between about 30- 45. d of each el ectrode
preferably extends outside the netalli

|

encl osure and nmay be
capped with anW@I%68#44tcal connection I ect ri cal [PET/US6/01283

I nsulated fromthe electrically grounded furnace shel | . The bottom end of
each 20 electrode is inmersed beneath the mggten bath to a desired depth.
By selecting the pr oper Iocatlon of the~foint of entry of the

el ectrode bel ow the sume i lpi0én h@ﬁ@gt&gﬂe

ni
w ll be exposed to the DC a or radlatlonfromtﬁﬁs ar c, her eby
i ncreasi ng the |iffées thpvnlnmhmes fengtgy requirements to operate: systen) sfoﬁéh,ﬂe%rsary to

{1 om the ol  on HAACEEE @ 1het 3¢ Bncebl G SREY nlied bt the Bifpelatont! THE T

Wi t hout preheat i rincdniing heatingrvalie, of itheewasie i8 2 tompositel valoe fromamsltipléreferences.

Uhe. ol ton' bath, Sehén0anst o Ry Mhiclobl SoiE Pt Feprpiif Gabichlon i~ °

el ectrode into tmkm Ihdistrial ané Enrovinenial \Applications 8y Plasmd) SProtedings op
al so electricall y ener | ze this el ectrode by usi n%ﬁ speci al 30 !
electrically i solthg ké‘!ﬁ‘?’é’ﬁ!’al Plasma, Sghpasingg, (May, 4 Iff@f"’i&"
PO ful Ty per ma?d:mhf'ﬁ‘* Gl i OS] ha
preferred enmbodi (E943); and Ckmmm Waste % Coal, Khan, Editor, Amencan Chemncal
10 Society Symposium Series, American Chemical Society, Washington, D.C. (Aug.
1991, published 1993). The net energy produced for either option was determined
using a 40% and 15% efficiency for the arc furnace-melter-gas turbine generator,
and incinerator-boiler-steam turbine generator options, respectively. See, Clean
Energy from Waste & Coal, Khan, Editor, American Chemical Society Symposium
15 Series, American Chemical Society, Washington, D.C. (Aug. 1991, published
1993); and Perry’s Chemical Engineers’ Handbook, 6th Ed., Ch. 26. The losses
presented in Table 2 are the difference between incoming heat value in the waste and
the energy input minus the net energy out. Losses for the incinerator option are
higher due to the inefficiencies of the combination of the boiler and steam generator
20 as opposed to pyrolysis gas fired turbine generators. See, Perry’s Chemical
Engineers’ Handbook, 6th Ed., Ch. 26. The disposal costs for the ash represent
values obtained from literature and data currently available from waste handling
facilities. See e.g., Recycling and Incineration, Dension, et al., Ed., Island Press,
_ Washington, D.C. (1990). If new rulings and current trends involving the handling
25 of ash as a hazardous waste continue, the disposal costs would be in the high end of
- « «-the range given in Table 2. Under these circumstances, the present invention of
utilizing the arc furnace-melter combination provides an additional advantage over
the prior art.
It should be appreciated by those skilled in the art that the specific
30 embodiments disclosed above may readily be utilized as a basis for modifying or
designing other structures for carrying out the same purpose of the present invention.
It should also be realized by those skilled in the art that such equivalent




-16- thermal insulation nmay al so be provided to each el ectrode so

that each el ectrode w | be insulated both thermally and electrically
fromtire—rretattte—furnrace—enetosure——  durlng nornml operation
Fig. 1(c) illustrates another. enbodi mrent of the present invention in which

5 magnetic coils 315a and 315b may be utilized for inductive heating
and/ or miYPAH2#441 | order to provide the optinum rat e PET/USSENI283]
comensurate with the particular . wast e stream being introduced into
the conbined DC arc plasma-rel ter, additjonal stirring or mXxing
beyond that normally produced by the meltér portion of .the furnace and
the DC arc pmmﬂnmﬁoﬁidﬁiuud Ffoi HRYsp SbodSh b in
acconpllshegE th dltlggﬁgf strategﬁcall Iaced nagﬁﬂ$¥€w§8 Msuch as
coils 8 o create greater J X B forces which in turn
causes additi onal n1X|ng

. ¢ a5 -
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"and/ or heating in the nolten bath. Coils 315a and 315b nay be positioned

W thin the nmetal shell of them ' ind the refractory
lining of the nelt pool. Al t|el anﬂ"”ﬂ”ﬂm furnace shell is

f'abri cated of non-magnetic stainles$ steél duch as 15 304L or ol e

the coils may B@Wg@d on the exterior of the shell. Coils 3

315b are connected to an AC power supply source. The frequency of the power

supply source may vary depending on the mat er34al Thi s enhancenent of bath
mxing is an exanple of the type of "tuning" which may increase furnace

el ectrode - | | WHATJSVCEABMEIY I8sghput . 20 Fig. 1(d) illustrates
anot her enbodi nent of resent | nvent lon.Ln which an alternative
configuration of the p*ﬁ*é YRR CRIUPTSINg, | hor at es a secondary

thermal boost system 3:97mﬂhsﬁ:a3¥ﬁﬁ@hﬂﬁhﬂeﬁﬂoﬁmfoﬂsfmaimmer to
provide the necessary thernal energy to further crack condensable fractions

exiting t he positignthensin; #ad- neiter process. As shown in Fig. 1(d) for
exanpl e, secondary 25 , i Afd Rlated c&@éﬂeﬁ' ed proxi mate to
or within porthOG aj t}%‘gnver I on o'?gwaste to electrical ener gy
for the plasma nelter process depends on maxi mum conversion of solid

and |iquid wastes,to e . a
portion of the ex?'ti ngﬂ} g%gs@g#?%@f%’ nsaL‘F"Mﬁ ?‘ﬁ%@ﬁ:i%‘g% to
medi um wei ght oi | furndc i$ bspablesof providing atpredominant squres of heat fiorl materialitarbeer i s
gge ?LI ?\r/]vgd to cool teA qtggfu%ﬁtragtrx]veot];tﬁefouiéﬁan ofel{epe of f-gas may result

10 _
3.  The waste conversion unit as defined in claim 1, wherein the melter is

- directly coupled to the furnace.

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

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

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

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

9. The waste conversion unit as defined in claim 1, wherein the furnace includes
30 an interior refractory lining along the periphery of the furnace.
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condensabl es present at furnace tenperatures. The secondary plasma of f-gas
chamber ensures that these 0|Is are converted to noncondensi bl e conbusti bl e

gases =17

resulting in an enhanced recotﬂnmmlum Iue fromthe incom ng waste
materi al S. When chanber 30@1 I oned as
HegrisobRin,

shown | nM@A%248 ) the - gas X|'t| t*he *pri mary fu er does
not decrease in tenperature before entering the secondary plasna
chanber 307 because the two systens ar g3girectly coupled. This

m nimzes the overall energy requirenents for the cracking and

gasi ficati org.pr clt@swaste conversion unit as defined:fiicliindd, whereinthe eeftactrgigy
recovery |n th gfaseous ef fluent of the arc

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

'12.  The waste conversion umtasdeﬁnedmclalm 11, wheremtheAC power
mcludesapluraluyofelecmdesatptedmnmnedposmonsmﬂwmelter

10 13. newasteconversxonumtasdeﬁnedmchmu wl:eremtwoelectmdesare
posmonedontwosndesurfacesofthemelwratpmdetemmeddxmncesfmma
bottom surface of the melter.

14. ’!'hewasteconverswnumtasmdinclnml?o ﬁmhermcludmgan
15 elecuodeposmonedproxnnmmthebmmmﬂaceofthemelter

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

20 16. Awmconversmumt,compnsmg _
auansferamplamaﬂlmacehavmgatleastoneelecu'odemapmdem:mmed
position therein; and _ _ |
a joule heated melter coupled to the arc plasma fumnace.

25_ 17. Thewasteconvmmumtasdeﬁnedmcluml(: whmnthemnsferarc

* pldsrha Turnace nscapableofprovmgapmdommantsonmofheatformatemlto
heuuwdmtheunitmhnvewthejoulehatedmelwr

18. A system for converting 'wa_ste n_:ateri"al, con_nprising;
30 an arc plasma furnace, the arc plasma furnace comprising:
at least one arc plasma clectrode in a predetermined position therein;
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‘pl asma el ter process, the plasm of f-gas charber—307 further elininates
toxic 10 species that are not dest ry furnace chanber.
.Thi s enhances the effectivenes [mm mn Eﬂﬁ&ﬂ o destroy all
precursor species such as for the forrratlo:n M furans and |gX| n

Addi tional |y, WRS2448kating vol ati'l e -and seni-volatile toxic iﬂl cs,
the secondary plasma chanber can effectively destroy all toxic species.

Because all condensabl e species exiting the fgrnace are converted to a
conbustible 15 gas in the secondary plasma chanber, secondary waste

generation is mnimzed. | 5mwﬁnwmamgemtmmm@,

of f -gas chanber may not al ways be required, but may be independently

controll ed durind®he process. DC el ectrodes 314a and 314b, :
whi ch are preferably for WE? sBondl eIk podt psirioned toRfideHdrge Gadkh afl Blag Gitad | O
vessel as shown in Figs. a)-1(d). I's preferred to use 20 graphite as

el ectrode materi al raﬁhﬂaﬁﬂ%n met aI since graphl te electrodes sinplify the

process and haye rmch al |
torch. In asladdl ti o g(rﬁg%ﬁ#lﬁe elael@?‘ri% es reqtﬂ?}ﬁg‘ |@§§&m| ntentgrng’gﬁaing
relative to the fargaquﬂst;hargeponposmonqdlmakwhuge gedes ttherefinorn aénd slag disgharges .
Due to the anticipat.ed m g’&ﬂgﬁ? furnace plenuminvol ving both
partial oxidi 2| né’% 'T"Bhs pranoting 25 the water-gas
reaction: means for feeding 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 gas clean-up unit capable of
separating the gaseous phase from the melter into fuel gas and particulate matter;
a combustor attached to the gas clean-up unit; _
means for providing air to the system at a predetermined rate;
a turbine attached to the combustor;
15 a generator attached to the turbine; and
a heat recovery steam system attached to the turbine.

19.  The waste conversion system as defined in claim 18, wherein the melter is

directly coupled to the arc plasma furnace.

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

21.  The waste conversion system as defined in claim 20, wherein at least one arc
25 plasina electrode is a graphite electrode. |
« & - .
" 22.  The waste conversion system as defined in claim 20, wherein the at least one
arc plasma electrode operates with a DC arc. |

30 23. The waste conversion unit as defined in claims 20, 21 or 22, wherein the at
least one arc plasma electrode includes a protective coating.
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~C+ Herr]O- CO+ Herr] at 600-1000[err]C there may be unacceptabl e
consunption of graphite w thout special pI’OVI sions. Therefore,

car bi de, boron nitrid or_anot he : ctlve coatlng to mnlmze
gr aphi te.consunpti on and 3§|Im D m I'fe. For exanple, when
muni ci paVO96R4441 wast e cont  nat e PCA/USPEOIEH] t o

vessel 302, a highly endothermc react i on occurs requiring
- 18- approxi mately 600 kW hours/ézn muni ci pal solid waste to convert
conbustible material to fuel gas ANd inconbustible material to slag.

El ectrode el “gg? ﬁ;eg‘ e arc in
vessel 302Qh ?is“épr eferre Eﬁi %%Wﬁfl Zze a D?fba?%:a?%ﬁ\%gg%e 302
rather t h_amdmhmn auxiliary heating unit coupled to the joule heated melter.

25.  The waste conversion sys_tem.as defined in claim 18, wherein the funace
5 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 27. The waste conversion aystem as defined in claim 18, wherein the melter is
joule heated by an AC power supply source.

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

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

20 30. A process for converting waste material; comprising:

@ mmducingthewmmatmalmmanarcplasmapouhmedwnhman
arcplasmafumacehawngﬁrstandseconddiscbargepoﬂsatpredetermmed
positions therein; .

®) contacungthewastematem!withthemplasmawhmbythewaste

25 ‘tpa.te}iaiissepa_ntedmwamﬂalhyer,aslaghyermdagaseousphue,

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

30 @ mmmgméslagnyerm:hepulemwdmclterforapmmmed

il




*5 arc as the use of a DC arc enhanc‘és arc_stahility and can reduce

el ectrode consunpti on, t he electrode(s) 314 supply
arc 344 which contacts feed. rraterl \Quwﬂ“’: mmﬂ]mm nore additional :
‘el ectrodes 338 may be provided as s 2 such that
negative (-) 34Ro3edsappsitive (+).342 out puts are orrred t her e PGT/US96/01283
Two types of power supply arrangenents suitable for use in the present 10

i nvention to convert three phase-AC power intg,DC power in order to
initiate and mai ntain a stable DC arc(s) & e shown in Fi gs. 6(a) and

6(b). As shown in,kig v '

bridge type recti PF‘e f)pmc?%% @P&P@w ﬂf‘%hegiriﬁﬁg gﬁﬁ'&%‘flgﬁ%i Sti S
il lustrated. Secoodeelgctrodensf or mer wi ndi ng 204 provi des an AC vol t age
to thyristors 206a, 206b which rectify first phase 202a. Simlarly, 15
secondary transformer w nding 204 provides an AC voltage to thyristors

206¢c, 206d wB2ch The pidcssses defifled>inocisin® D, bwhwinéih thesatdeastianey art rpdasataor mer
wi ndi ng 204 praovides . an AC voltage to thyristors 206e, 206f which
rectify third phagiecyeseis a graphite ‘manner, a rectified phase designated
as 208 in Fig. 6(a) is provided across points 210a and 210b. 20

“Cl anpi ng" diode 212 is connected between (- % 218 and (+)_ 220 out puts of

the bridge rectifiddr. Thelpmcess asidefined inglaio: ’eﬁf 3%, whareip $he,at Igasy gne electrode
ungrounded out put 4 Sm,tg?tg,gm cl anpi ng" di ode 212 and vessel 302.
| nductor 214 is use%“dfeg upp ransi ent vol t age frequently required
to maintain a stable arc 344 durlng operation of
10 -34. The process as defined in claim 30, wherein the separation includes fast
pyrolysis. |

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

36. Ihepmcessasdeﬁnedinclaim300r34,wheteintheslaghyercontains
glass. '

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

38.  The process as defined in claim 37, wherein the vitrified product is suitable
for use in construction of roads.

2 .

-ea 39, -Theproeessasdeﬁnedmclnm37 wheremthewmfiedproductlssmtahle
for use as a component in building blocks.

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

Thisg
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vessel 302. The function of "clanping” diode 212 is to provide a path for
the 25 <current frominductor 214 to fl ow when the voltage of DC arc 216
exceeds the open ~G I"I‘ILLT vol- tage of -The rebLl f-ef- :
Referring now t o Fig. 6(b), circuit 230 to convert

t hree . -phase AC power to Hﬂmﬁuﬂmmmﬂ”m suitable for use in the
present WA9ERM4tbN i s shown. Thits typé& of circuit | PCTVSIMLY for use
in sustaining a DC arc 344 in vessel 30 302 and is frequently utilized in
DC arc wel ding systems. In the circuitghown in Fig. 6(b), saturable
reactors 232a, 232b and 2320 are conneé?ed in series with each of the
three AC sggond pfdi:ﬁsﬁ éiﬂhf' Wieih ﬁE’iﬁalr ectifier
-19- aﬁrl dggy The functlon of saﬁrabl e %a%%fs 2324, ‘gga and 232c
i s to varysoelidewaste.

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

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

10 44,  The process as defined in claim 30, further including removing the metal
layer from the arc plasma furnace,

45. mepmcessasdefmedmclamw furthermcludmg
) mnovmgthegaseousphasefmmthegasdnschargeportmthemelter

15
46. The process as defined in claim 45, further including:
O ® 'uunngﬂxegaseousphasemagasclean-upsymmsuchthn
particulates in the gaseous phase are separated therefrom and a fuel gas is thereby
provided; '
20 @ feedmgtheﬁnelgastoacombusmr B
(h) introducing air into the combustor substantially sunultaneously with
step(g),wherebycombusﬂonpmductsmformedfmmthefuelgasmdﬂwaxrand
@ feedingthecombusnonpmductstoamrbuwgemm whereby the
combusnonpmductsdnvetheturbmegenmwrtogenemeelectncny
25
" Thepmcessasdeﬁnedmclmm46 wheremthemrbmegeneratormcludesa
steam or water injected gas turbine. :
48, Thepmcessasdeﬁnedmclmm% whmmtheptooessfutthermcludes
30 G) feedmggasesfmmthemxbmegermtortoascmbbertommoveacld

gases therefrom.
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i.mpedance of the AC current path_between the transformer and the AC input
to the di ode rectifier, thereby prfovidin ans to maintain the
desired anmount of DC current “ﬁ HI"WJEE% Ehough the arc voltage

may be varyin rat her rap| dly. 5 y transfor y% g
204 in circuit bwn in Fig. 6(b) may be wye or deltga. qw
secondary w ndi ng 204 is we, then the primary w nding (not ‘shown in

Fig. 6(b)) rrust be delta or be we with or wgphout -a neutral return.
A "cl anpi ng" diode is not necessary in the type of circuit shown in Fig.

6(b) becaus@gt he THe pfsess 43 definedin claim 48;cwhdrein theptuchinel gerierdtar includés on.
I nductor 214 is used 10 to s y the ,tranS| ent arc voltage necessary in
order to maintai MeAMIIHAEr ’BG%@F' t he vessel . It is

i nportant that either the thyristor type or saturable reactor type of
rectifier have a suff|C| ently high open current DC voltage to normally
exceed the DC  50. ar msagercqntfemza%' majptial; SOMPHSIE o t her | type of

power supply ngst be Q@pab ﬁ%ﬁﬂ%ﬁﬁﬂm

i Sty i, firs
current while the arc voltage ran es romzero to | east 90% O
normal open circand mdudmmwmammmmedtmmntﬂmmm awcbat; least one arc

W th AC rather  ; plmaciesymgs phindndd sisginl D' (21 P2l o eactor type of
circuit shown in Fig. Xb) comaduing ftits wasle miaterial with whe rc piasmaretecirdde suchrthatt er
degree of arc st aﬂlge | i mé/ t han a convmgt | onal mﬁ\‘r | St %gtle)ﬂ a% aAé%wus phase;
10 © feedmgthegaseouphaseandthoslaglayerthmnght_hesecond
dischargeponinthefumacetoajuuleheawdmeltereommdtothem.plam
furnace, the joule heated melter having gas and slag discharge ports at pi'edetemined
positions therein; _
(@  mixing the slag layer in the joule heated melter for a predetermined
15 time period, thereby producing a slag product;
(¢) removing the gaseous phase from the melter through the gas discharge
port therein; '
()  treating the gaseous phase in a gas clean-up system such that
particulates in the gaseous phase are separated therefrom and a fuel gas is provided
20 thereby,
(g) feeding the fuel gas to a combustor;
()  introducing air into the combustor substantially simultaneously with
step (g), whereby combustion products are formed from the fuel gas and the air; and
@ feeding the combustion products to a turbine generator, wherebythe
25 combustion products dnve the trbine genemtor to genente electricity.
. .- -
51.  An integrated arc plasma-joule heated melter unit suitable for use with a
common molten pool, the unit comprising:
means forgenenﬁnganarcplasmaontopbforwithintheoommonmolten
30 pool; and
means for providing Joule heating in the common molten pool.
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swi t ch. Contact with the arc and the specific gravity of metals=
present in waste material 330 results in the formation of three phases

o—-ay-ers—-A—vesset—362—a metal—— ayer, o stagtayer and—a gaseous ™

| ayer. The primary node of 25 302 is pyrolysis.
However, operation in a parlmmmmimt““mmﬁde may be re UI red to
assi st iWMOPHMM ocessi ng of 1 arcgerquant¥ti®es of - conbust ®ials.

One configuration of integrated-system 300 involves the use of capacitors
356 and a specific arrangenment ingfhe distribution of power. As shown
in Fig. 2, a si ngl e phase joule heated arc plasma-nelter 302 having a

singl e pai szof A Edlly intkpratedtungtilé anplashsadjolle heated nielibr iwaste| conrvdrsion ed.
Preferably, P joul e heated portion of nelter 302 utilizes AC power

suppl y 346U forJise pith,a commop malten popl, the-pniteomprising: ;o5 DC power
supply 348. a first power supply source capable of generating an arc plasma between at

leastonearcplasmaelectmdeandthecommonmolmnpool thearcplasmabemgon
5 topoforwnhmtheoomonmolwnpool and
asecondpowersupplysoureeeapableofpmvndmgjonlehanngmthe
-common molten pool; _
whezemﬂleﬁrstandseeondpowersupplysoumesmamngedsuchthatﬂle
first and second power supply sources are capable of simultaneous independently '
10 controllable opemtnon_w:thmt detrimental electrical interaction with one another,
while using conducting paths in the common molten pool.

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

54. The fnlly mwgmed tunable arc plasma-joule lmted melter waste conversion
25 umtofclaimsz wheremtheﬁrstpowersupplysoumeuaDCpowermpply

R
source.

55.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein the number of arc plasma electrodes is two.
30 - o - |
56. ‘The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein the number of arc plasma electrodes is greater than two.
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*- 20- The preferred Fig. 2 utilizes the

conbi nation of the DC and AC 8, 346 respectively,

suppl yi ng power to el ectrodes in mﬂm “Iﬁmnmuéﬂ essel or nelter tank 302
‘Tn which waste material 330:is undergeing * s treatnment by a conversion
process, incl uWG®s4adlrification. ‘A special circuit is 5 necRTHPPIBY se

DC arc current 314, 338 will interact with joule heating AC

el ectrodes 308a, 308b unl ess special steps a_&ftaken to prevent such

i nteraction. Such interaction can cause failure of the transformners
whi ch provide powgy t orhd\fully in | tEndbidrc Pasiag6ilé BeliRéd mélidrSwasts Cotiversion
allows fully |ndependent co tro of the arc pI asma and, j oul e heat eal
nelter. 10 umto’éclngnéz whersia six joylo,brating clgptrades m&w&i

el ectrodes are ut %%g%dfoﬂ{, Qqhﬁr g{,fd)ﬂggpm aﬁgﬁ 1
still be interact #%Hg'ggt wee él " Cl rcu?%&and t he Joétjilee heat i ng
AC circuit. Wil ecirfuitsAC- AC i nteraction is quite conpl ex, there are

many dependent S| nteracti ons which can occur, and under these
circunstances, it is often difficult to control |ocalized heating and

el ectrode erosi on§gl5 Tﬁcﬁﬂrychmgiud tuhabile agerplisenarjoule theated mielter-wastConyersion

circuit in conbi n%;tﬁltort] m I;LZ v)hgglé%nthenmnsmthefomﬁaﬂemwdcmw

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

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

1S 61. The folly integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 59, wherein six joule hieating electrodes are positioned in the elongated
chamber, the six joule heating electrodes forming first, second and third independent
power supply circuits.

20 62. The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 52, wherein the first power supply source is a DC power supply source
comprising:

a transformer having at least one secondary winding;
" at least one saturable reactor having a first end and a second end, the first

25 end of the saturable reactor connected to the at least one secondary winding;

- -rectifmtionmeanshavinganACinputandaDCoutput,.theAC'inputin
electrical contact with the second end of the at least one saturable reactor;
an inductor having a first end and a second end, the first end in electrical
contact with the DC output of the rectification means; and

30 at least one plasma arc ¢lectrode having an arc end and a connection end, the

connection end in electrical contact with the second end of the inductor, the arc end
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heated AC circuit. DC power supply 348 includes inductor 360,
primary w ndi ng 362, secondary wi ndi ngs, 366a, 366b and 366¢ and
saturabl e reactors 364a, 364b—and—364c: —— Primary winding 362 is
preferably delta. Saturable r b and 364c 20 are connected
in series respectively with n!" mﬁ'ﬂm’lm s 366a, 366b and 366cC.
| f DC cwoesn4sdid8 passes throughcwasten net erti al 330 andrer/uspéotasal nel t
pool 332 having subrrerged joul e heati-ng AC el ectrodes 308a, 308b connected
~directly to the termnals of transforrrgﬁ 352 with no neans of bl ocking the
fl ow of DC current 348 through tHe"Ww ndi ngs of transfornmer 352, the
core of tr | eased current in
primary w %&M?&’f%ég %g@’@gﬁ’?%"fpﬁn {nr@ér 352 to fail
in a very sunn'bntmolmngmnl od. order to sinmultaneously operate the
arc plasma and the joule heated melter in vessel 302, it therefore is
necessary to continue to pass AC current 346 through nelt pool : 332 for
(o Uy ., et e e e el skt
pacitqr IS, Utili 0 bl gc curren an ass curren
Capaci t or 98%ohriaim 52y WW&M%MW And atlsast QRorer

secondar y slag discharge port in predetermined positions in the unit.

64. Thefuﬂymtegmtedmnableamphsma—;oulehemdmelterwasteconvemon

umtofclaxm63 wheremthemetalduchargeport:spoahonedpmxmmtoa ‘
10 bottom surface of the unit.

65. The fully integrated tunable arc plasma-joule heated melter waste conversion
* unit of claim 63, wherein the slag discharge port extends upwardly at a
_ pmdetemmedmglemlﬂwetoasldesurfaceoftheumandwheremtheshg
15 discharge port is positioned between at or below a level above a bottom surface of
tbeumtandhelowtbemrfaceofthecommonmolﬁenpool

66.  The fully integrated tunable arc plasma-joule heated melter waste conversion
| unit of claim 65, ﬁmhermcludmganauxiharyhemngchamberamhedtotheslag
20 dlscharge port.

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

DY ' - :

68.  The fully integrated tunable arc plasma-joule heated melter waste conversion
unit of claim 67, wherein the at least one arc plasma electrode includes a protective
coating. '

30 69. The fully intograted tunsble arc plasmasjoule heated melter waste conversion
unit of claim 52, further including a plurality of inductive heating and/or mixing
coils in a predetermined position relative to the unit.
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- 21- _ wi ndi ng 354 in order te—b&l—ano&ihn rurrent in each of the
phases over a w de range of f iﬂ@ @ conditions. As further

'shown in Fig. 2, capacitor 356 is. secondary wi ndi ng 354,
which is connected to saturable re Fi gs
3(b) show a ci Was6R4eMr angenent whi ch. i s sui tabl e for use in

I nvention. In particular, three phase AC power supply 346 is illustrated
in Fig. 3(a) while DC power “supply 348 is il l‘ﬁ%t rated in Fig. 3(b). The
circuit i ncl udes the inductance of each current path in vessel or
mel ter 302 as refhgCt egpe muy&.héawnidme%P Hﬁ&dsmat&mﬂéﬁconv&ﬁon
non-|inear resistance of the  current h throu mel t. pool or nol t en
bath 332, the el eynnoﬂelmﬁarmmclmz \mst 81“%?

secondary wi ndi ngg..3 W@é@'ﬁ%

magni tude of the apac ancé&@&gapamtors 3? 70b and 370c V\/mch 'S
connect ed as surfacerof ¢he wiiknent in the joule heating furnace circuit.
AC power 346 alsso i ncl udes " primary wi nding 350, saturable reactors

374a, 374b and “374c and el ectrodes 368a- .
71. A system for converting waste material to useful energy and/or solid product,

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

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

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

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

(c) afirst discharge port positioned to discharge gases from the
20 unit; '
(&)  a second discharge port positioned to discharge metal from the
unit; and - .
(¢)  a third discharge port positioned to discharge slag from the
unit; o .
25 means for feeding the waste material into the waste conversion unit such that
. « & a metal layer, a slag layer and a gaseous phase is formed in the unit upon contact
with the arc plasma; ' |
" a gas clean-up unit attached to the unit, the gas clean-up unit capable of
separating the gases discharged from the unit into fuel gas and particulate matter;
30 agasmrbmeelectncnygenexatmgumtattachedtotheclun-upumt the gas
turbine electricity genemhngumtcapableofuuhmgtheﬁxelgasfmmtheclean—up

unit to produce electricity; and _—
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368f. Saturabl e reactors 374a-374c are connected respectively to secondary
15 wi ndings 372a-372c. __Because the AC current is rarely
sinusoidal in a circuit having.in series with ———a nopn-linearresistor .-
such as the joul e heating fur umuﬂu:"w,m is possible to excite

several harnmonic frequencies rtz, which are superinposed on
the 60 woes/ernt z si ne wave supp i ed by tthe” ut|||ty CONRCHRYSI6P1E83 hi s
circuit, it is inportant to 20 account for the non-linear resistance and
to speci fy the electrical corrponents t_g achi eve adequat e danpi ng and
therefore stable operation.. Is al so ?rrportant t hat - t he vol t age,

current, and capagh ﬁ@%rmw {Qat t he series
resonant frequency olf%pt ﬁe ent?q} system | nduc ance ag i urnace

el ect r odes predeternined rate inth dhe gasauthinecelectricityugenefating unis: ance as seen at

t hese sane el ectrodes when | ooking into 25 the furnace plus the effective
60 Hertz resistance is equal to or greater than 1.5 and - preferably 2
tinmes greages tirhe wale cohverdibe systennof claink 71 Swhéreint the aixilimy fatldisce of the
power systﬁm ,and C.s ﬁ)g ca acltance of capacitors 370a, 370b and 370c.

Thetot Rshould be 2 tinmes (L/C[err], but any
resonant rise in current |s negllglble If thisis 1.5 tines
(L/C[err]. 30 As shown in Fig, 3ib) DC el ectri cal system 348 may
have a powds- Themmmw mtqm of olgim 71, wherein the gas tzbine alecraicity,

384a- 384c. ' t’enia? éﬁngﬁéﬁeﬁmﬁoﬁm | so shovvn I n

Fig. 3(b),‘tgF1e pvvedrﬂre [ |s pre eraﬁﬁwm‘ £

10 74. Thewasteconvemon systemofcla:m?l whemtheauxﬂiaryﬁlelxs
heating oil, diesel fuel or natural gas. |

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

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

rectification means baving an AC input and a DC output, the AC input in

electrical contact with the second end of the at least one saturable reactor;

20 an inductor having a first ead and a second end, the first end in electrical
contact with the DC output of the rectification means; and .
_ at least one plasma arc electrode having an arc end and a connection end, the
connection end in electrical contact with the second end of the inductor, the arc end

_ positioned to be capable of generating the arc plasma on top of or within the

25 common molten pool.

76.  The waste conversion system of claim 71, wherein the second power supply
soureensanACpowermpplysourcecompnsmg _ -
amsfomerhawngapnmarywmdmgandatleastomsecomrywmdmg
30 havmgfirstandseoondends theuansformerconnecwdtoaplumluyofjoule
' heating electrodes;
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-22- a three-phase full wave rec‘t*“h‘er——iFh(,LLectlfler may be a
current controlled thyristor v\”' wn in Fig. 6(a), i.e., a

silicon-controlled rectifier in ﬂm mm{ ~ cathode current is
controlled by a signal applied to & thir e. Alternatively,

the rectifier wopskssat hr ee- phase full wave diode rectifier w PATURISOIRES
current control 5 to maintain the desired DC current such as that

illustrated in Fig. 6(b). If - a thyristor rectifier is utilized, it is
i nportant that a fuII-rated' current roating“&'ode be pI aced across DC

out put term naI S 378a |:?|;P85 ’EE‘SE tu?tl! hﬁ?"bfgﬁ“}
or "cl anpi ng" di ode Wnen usi ng ree- phase recf I er SI nce toﬁ I odes “i n

t he rectifi ewindinglof ths transformef}; and For a DC arc furnace,
preferable to use a thr?eea_stngn%ss%mﬁblle W@toe gl %tdigdmseneswuhthesecondendofthe
secondary winding of the transformer.

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

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

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

30 8l1. "l‘heiwast_e conversion system of claim 79, wherein the slag discharge port
extends upwardly at a predetermined angle relative to a side surface of the unit and
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rectifier with saturable reactor control 386a-386c. Regardless of which
type of ~ power supply is nt that an inductor is

connected—i-h—-seres—wth—the | ead -whictr——s—Tmot—grounded—Tti s
reactor is necessary to rapi dwlwﬁﬁmimmue ener gy when the furnace
conditions are such that the ddenly 15 increases. _
Refract oWwp96R44d1i | i zed to |ine vessel 302. Refractory n®fFTBB%Y28d of any
suitable material capable of handling tenperatures required to process the
waste material. For exanmple and wh.7l e not neant to be limting, vessel
302 and portions of the refractory may be formed of ceramc or

graphi te. &hérgﬁactor ' ﬁo&@b&ﬁx&ﬁd%&w&#ﬁ'&%ﬁawﬁ&v@% is made

of suitabl such“as ceramc or the l[ike.and - 1s a poor

el ectrical mmmm uni; and helaw the surface: ofthe commonymolisa pogk-ned by
depressing a portion of the floor of furnace 302 between joul e heating

el ectrodes 368a-368f and then slightly elevating the nolten netal
drain tube &b t ke wastsrcinvefsion systemedfallaimeBiy ifustherrindliding dm puxiliaryon i n t he

furnace Ll qor .even agfte a [ai ned 25 This netal may act as a
count er é 3&? ng’%% PRy circuit and may

simul taneously be used as a DC arc circuit el ectrode. Metallic
furnace bottom el ectrode 380 be connect.ed . usi.ng vari oys

confi gurati%®hs HVaste W?'sg’ﬁé&ﬁ"ﬂfftqli’émc‘} r&h@“&lﬁﬁg‘%‘!‘rﬂé‘?ﬂ’w&“ %(b). In
any CaSe, an elongated chamber.

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

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

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

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

8. Thewasteconverslonsystemofclmmm whcremthcatlmstoneamplasma
electrodemcluduapmtecuvecoanng

"'89'.‘ Anarcphsma-jouleheawdmelterwasteconvemonumtforusewntha
commonmoltenpooltheumtcompnsmg '
' aﬁrstpowersupp]ysoumeeapableofgenenunganarcplasmausmganam
plasmamhmanonuansfemdmode thearcplasmatomhmaptedetermmed
30 posmonabovethecommonmoltenpoolsuchthatthearcphsmacmnedbytwo
elecnodesoftheplasmamhisgemtedabovetheeommonmoltenpool and
a second power supply source capable of providing joule heating in the

on molten pool. This Sheet Has Been Replaced

AR

i | ' |




it is preferred to have one or nore el ectrodes through the bottom of the

furnace or 30 nelter The electrodes may be .graphite or netal Lt __should

be noted that the circuirts in Fig. 3(b) and Fi-g. 5 respectively
i'ncl ude switches 388 and 436 in series . with the electrical connection
to netal | IWOeR8Y ode 380 and 426. The function of PCT/US96/01283
-23 - these swtches is to permt the DC arc or arcs to operate in
eith t-he—t+anster—ot ToTT-| r an s&ef Bode or a conbination of both
modes”si mpit ROBDUSHEETS ~ SG | f the physical configuration of furnace
302 (showQ In Figs. 1-2) is suitaple for the u of t I ndependent | y
posiiti Daed ontered ait clod12ged rodeg, then the“pc arc PN 0o
O Clairn(z)  : paged ... 10 paged ... ~ ol
DrBraving(s) @ peced M5 1to noged 210 \___ -/ S
[ Abstract  : pagad ... to paged ... !

N
9
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S
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‘5. electrodes and the AC joul e heating el ectrodes may be oper at ed

sinmultaneously with no detrinental electrical interaction but wth
beneficial interaction for vitrification of all types of waste,
i'ncl udi ng hazardous wastes and hospital waste. The el ectrode

confi gur awomsR444e furnace or vessel 400 shown in the PCINISOCO2ENt S Of
the invention in Figs. 4(a) and 4(b) are suitable for use for renote 10
control of installations. Fig. 4 iIIustrates two sketches show ng different
pl an vi ews for the furnace co g&gc; Fig. 4(a) shows an el ongated
construction while Fig. 4( b) round construction. Wile both
configurations can use one, two, or nore solid graphite el ectrodes; it
is preferred to use the elongated configuration with , two el ectrodes
(as shown in Fig. 4(a)), since this design lends itself to two separate 15
smal | diameter el ectrode el evating systens, each housed in its own

cylindri cal encl osure. Any or all of the joule heating el ectrodes
402a- 402f can be connected to the series capacitor as counter

el ectrodes 404a-404b for the DC arc system Joul e heati ng el ectrodes
402a- 402f may al s§abe connected in series with el ectrode 406. In this
case, switch 388 is al so kacluded as shown in Fig. 3(b). By adjusting the
20 anount of cu\{eé& gech that its peak val ue exceeds that value of DC
arc current ¥ car @ ) j oul egeating el ectrodes 404a-404f, there will
al ways be a curr ‘ 5 ich will tend to nimze polarization
at these electr® pendi ng upon the type of waste materia
bei ng processed,

58

30
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‘desirable to connect DC power supply 412 systen1neutral 438 to AC joul e
heating 25
~connected to AC capacitors 416a- 416¢C respectively and which are used
to block DC current flow through the secondary w ndi ngs 418a-418c of
the trans™R9MMlas shown in Fig. 5. The connect i on RFFYREOBHRR: supply
412 and AC power supply 410 is designated in Fig. - 5 as line 438. The
reason for using this connection is to provide three additional DC 30
counter electrodes closer to the sdiﬂhleSof melt pool 332 during warm up of

t he furnace so that neutral DC transfer current 428 can fl ow and
assist in stabilizing the positive (+) and negative (-) DC arcs before
the material directly above the counter

- 24- el ectrode on the hearth has beco®e sufficiently hot to conduct

sufficient DC current

—_— - -
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S
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to assist in stabilization of the DC arcs. It is also desirable
to_have three switches 434a3-434c ip series wiith the neutral and

el ectrodes 422a, 422e and 422c in order to control the nagnitude of the DC
and 5 AC current between el ectrodes 422a-422f. AC power supply system 410
I ncl udes primary w ndi ng 414 secondary wi ndi ngs 418a-418c connect ed
respect i vaveyse/m441 saturabl e reactors 420a-420c. DC powecr/osssmpizss4l2

i ncl udes inductors 424a, 424b and secondary w ndi ngs 430a-430c
connected respectively to saturable reactors 432a- 432c. 10

Joul e heating AC power supply 410 of a glass nelt tank provi des near
constant nelt tenperatures throughouu,Vht Bl ass tank, thereby ninim zing

si zi ng constraints for the arc, i.e., arc power, electrode dianeter,
and the |like. The DC arc is primarily present in the furnace-nelter
for feed rate enhancenent. This nmakes this newy configured nelter
technol ogy nore flexible than any other available 15 wvitrification system
The arc supplies the energy in the unnelted oqverburden of |ncon1ng
feed, and the joule heated portigof the e e r systentna tains the

glass pool to ensure conpl.gle | ~Vala[MasWhaMals -f the gl ass ntxt

If the arc technol ogigwas e
woul d have to be larg

g. = - ::‘ Qi antge aho
cont nts in the h§ arth nelted
20 sufficiently not onlya | so
wal | s of the hearth. Ag-—------ -

o
<)

6. 2(b)
3
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The size of the hearth therefore would be limted due to practi cal

lLimtations on el ectrode dianeter. Wien the hearth or glass tank is
jraul e heated, however, this limtation no | onger exists and the tank
can be sized to ensure the residence tine is adequate for conplete

m xi ng and di ssolution of all glass conponents. 25 If the nelter

t echnol ogywoeessnpl oyed wi thout the arc, the feed rates pepisosoizss be nuch
| ower due to limtations in heat transfer fromthe nelt pool to the

unmel t ed feed above the nolten glass. To accommpdate | arge throughput
requirenents, the st andar d approach Is to increase the nelt surface
area. Accordingly, for a given gc sﬁlng rate, the joule heated
melter would need to be nuch | arger an e 30 conbined arc nelt system

of the present invention. The present invention utilizes t he benefits
of both the DC arc and AC joule heated nelter technol ogi es, and does
so in a single optimzed system

<

-

Fie. 2(¢)
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' 25- Mul tiple arc el ectrodes nmay be used to start or restart
this conbi ned system but once the nmelt. is heated—j:oute -heati ng—mray
be used to naintain a nolten bath - during long idling periods. This
means that the arc may be initiated inmmediately in the transferred
node for start or restart of arc operations. 5 . The conbi nati on of
the arc pkassgReidir nace and joule heated nelter in aAcCRCEUSPAOLR8dI t h t he
present invention provides a nethod of quickly heating feed wast e
material resulting in higher processing rates for a given sized process.
The fast heating rate also results in the production of a higher
quality of pyrolysis gas. Mor e ene qy s recovered and there are |ess
pollutants in the gas em ssions. 10 Aﬁdi 5%al|y, the joule heated nelter
of the present invention provides a |arger reservoir with denonstrated
m xi ng to produce a honogeneous gl ass product with very high stability
This is beneficial since vitrified glass product is stable over

geologic time frames. See e.g., Buelt et al., In Situ Vitrification of
Transurani c Wastes: Systenms Eval uatiop and Applicatd ons Asgessnment,
PNL- 4800 Suppl enment 1, 15 PaC|f c Nort hwe Laboratory, i chl an VA
(1987). Additionally, the or e$&ht Lt teaR—phoVvi dgs furth§
reduction through Epe v Ll Cal ) QleGiiited @ e ghnpar d
ash that woul d be gQ‘ ' g9ci nerati dh al one. See,

ae s~~~

84

Fe. 2(d)
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Chapman, C., Evaluation of. Vitrifying Mnicipal |ncinerator Ash, Ceramc
Nuclear  Miste Mainagenent \V—Ceram c Transactiors—6G-G—Weks—Ed——
Vol . 23, pp.223- 20 231, Anerican Ceranmi c Society (1991). As
di scussed above, the present invention provides a.nethod which facilitates
fast pyrolysis. Fast pyrolysis results in a pyrolysis gas having higher
purity thano9sr44daiot her neans of pyrolysis. The high puritycyesesiosss! i t at es
use with recently devel oped high efficiency small gas turbine

technol ogy, thereby significantly increasing 25 efficiency as conpared

w th conventional steam turbines and decreasing the unit size of the
turbine required. The DC arc provi d€pg Alhi&gh tenperature heat source to
acconplish the fast pyrolysis effectively. Gaef,” et al., Product
Distribution in the Rapi d Pyrolysis of Biomass/Lignin for Production
of Acetyl ene, Biomass as a Nonf ossi | Fuel Source, American Chem cal
Soci ety (1981) have shown that under 30 conshtiqas suclg as thﬁge found in a
pl asma furnace, nunicipal solid waste can be jr pyrd®yzed i @o a gaseous
product as shown in Table 1.
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. -26- Table 1. Gas Corrp05|t|on from Pyrol ysi s of IVBW|n Pl asma

"Fur nace. Fast—Py+otysts — Nor mal
PyTolysrs Percent Conversion to > 65%
+.45% - 50% useful gas for conbustion 5 i"@@fim es
Fast Pyr owndisa4del Nor mal Pyrol ysis . PCT err]
2% 10%
44% 50% H[err]
43% _ trace CH err]
2% 38%10 /15 Light HCs
bal bal
200 —_— = — — = — acb «
'+ X3
‘L Diee —— !
s, 2Dlea . - 2bbe pi x\
2Pl !
. ) t . '
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- 20th ) T |
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; t N 2. o
, 20\ .1‘ : ;-I\ :. | | ,zn////

223
208 Fle. 3(a)
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*HHV (BTU SCF) 350- 400 300- 350
L—+S—+ﬂ?9FF&HP—FG—HG%G—%h&%—#H—GGﬁp&F+ng nor rel—py+elyst-s—e—that—ef—fast -

pyrolysis, a greater fraction of the incomng waste is converted to gas.
Thermal or 15 nornmal pyrolysis pronotes |iquefaction giving only 45-50%

conver si ONOP62444} 0| ysi s gases, while fast pyrolysi sPREYSINI28| ¢| ds of
greater than 65% Fast pyrolysis of muni ci pal waste has been
denonstrated using a water cool ed, netal plasna torch. See, Carter, et
al ., Municipal Solid Waste Feasi bi | | )7 gGasification with Plasma

Arc, Industrial and Environnental A&% catlons of Pl asma, Proceedings of

the First 20 International EPRI Plasma Synposium (May 19QQ). In the parti al
oxi dati on node of operation, th rgsidue from both chni ques is
oxidized to offset the pyrolysis enéggyci' requi r enent ) The
pyrol ysis gases produced in ac&grdan Wt h the present invention age

expected to be well s 'ted for “conmbugtipn in_g
efficiency gas 25 tu
t ur bi ne- conbi ned cycl
wast e-t o-energy ¢
standard waste in r
i nci ner at or - st eam gen
conversi on of t he
el ectric energy.

systens achif
ntial energy {c

fficiency in the
the waste to usable
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A

30 A prophetic illustrative conparison of the conplete waste

. ) . P ) £ ol ol
C GRv-efSs+eR—system—of—t-he—present—nvent i er—to—that—of—standard

Jncinerator-steam generator systens is sumari zed in Table 2.
-27- Tabl e 2. Rel ati ve Energy Bal ances and Net Cost Information for
Arc Fur nac¥0 96/24441 and Joul e Heated Melter vsPCHUSHPIIR
| nci nerator- Steam Generat or : Technol ogy
(Basis = 1 ton MSW. 5 ' Arc
Fur nace- Mel t er | nci ner at or1 0 ,_1 S
(o]
o~ .
< ™
M
il 5
m
s ) .
¥ A
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Energy requirenments to 2.1 x 10[err] BTU operate system HV

I nJdncomng MW 1. x 10flerr] BTU 1x—10]
Losses 3.1 x 10[err] BTU 8.8 x 10[err]
BTU HV in Exiting Gas 9 x 10[err] BTU Efficiency for
electrical 0.4 _ 0. 15 conver si on
Net Ener gyWOB/2341 i C 1.5 x 10[err] BTU PCT/USS6/012830[ err ]
BTU 15 Pr oduced) Val ue of Electricity 22.00
22.00 ($0. 05/ Kwh) (%) Di sposal Costs including ----
15.00 to 75.00 transportatigb1(;»1 Net Cost/I|ncone ($)
(+) 22.00 (+) 7. (-) 53.00 - HV = heat val ue; MW
= muni ci pal solid waste. An assunption is made for the
conparison of the two technol ogi es, nanely th the glass or slag
product produced in the arc fuanacegbf theopresent gy nvention is a
useful product, although no valﬂe‘wq; been§)153| gned to the glass for this

]
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*25 conparison. At a mininmum however, this material is a stable
nerhazardous———at-eral—t-hat—ean—be- easi ' '

non- hazardous landfill. It is also assuned that the nunicipal solid
> . . . . .

waste (MSW i ncinerator enployed in a highly popul ated area such as
t he Nort hWOS@4441 Uni t ed States produces ash that either PGIUSIN1283¢

shi pped to a standard landfill or a hazardous waste landfill. Energy and
cost are 30 given per ton of MSW processed based on currently avail abl e
dat a. The energy requirenents to operate the systemare given
in a relative bases, I.e., the value shown as "energy requirenents to
operate systent for the arc fhanécle-&elter I's that in excess of what
is required for the incinerator. The i ncom ng heating val ue of the
waste is a conmposite -value fromnmultiple references.

-28-
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See e.g., Carter, et al., Minicipal Solid Waste Feasibility of Gasification
Wt+h——Pastra—Ar-e—Hreustti-ab—and—Envi r onrent-al—Appications of Pl asia -
,Proceedi ngs of the First International EPRI Plasma Synposi um ( May
1990) ; Renewabl e Energy- Sources for Fuels and Energy, Johansson,
Editor, |'WOfM@A48less Washington, D.C. 5 (1993); and CPETASKAI2®Yy from
Waste & Coal, Khan, Editor, Anerican Chem cal Soci ety Synposi um
Series, Anerican Chem cal Society, Washington, D.C (Aug. 1991,
publ i shed 1993). The net energy produced for either option was determ ned
using a 40% and 15% efficiency for the arc furnace-nelter-gas turbine
gener at or, and i nci ner at or - bod 13- $t 8am t ur bi ne gener ator options,
respectively. See, Cean 10 Energy from Wste & Coal, Khan, Editor,

Aneri can Chem cal Society Synposium Series, Anerican Chem cal Society,
Washi ngton, D.C. (Aug. 1991, published 1993); and Perry's; Chem cal
Engi neers' Handbook, 6th Ed., Ch. 26. The | osses _presented in Table 2
are the difference between incom ng heat value in the waste and the
energy input mnus the net energy out. Losses for the incinerator option
are 15 higher due to the inefficiencies of the conbination of the boiler

and st eam gener at or as opposed to pyrolysis gas fired turbine
generators. See, Peny's Chemn cal Engi neers' Handbook, 6th Ed., Ch. 26.
The di sposal costs for the ash represent val ues obtai ned from
literature and data currently available fromwaste handling

facilities. See e.g., Recycling and Incineration, Dension, et al., Ed.,

| sl and Press,

34¢
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20 Vﬂshlngton D. C (1990) 1 new rulings and current trends involving

t e fTamdiTyg o —asiTas—a fazartots waste—eont+hate—the—erspesatl—eosts—
jwoul d be in the high end of the range given in Table 2. Under these

Ci rcunsta e present invention of utilizing the arc
furnace-nelter conbl nation provides an additional advant a§€TE§6/01283  {he
prior art. 25 It should be appreciated by those skilled in the art
that the specific enbodi nents di scl osed above may readily be utilized
as a basis for nodifying or qebipi ®g other structures for carrying
out the sane purpose of the present invention. It should al so be

realized by those skilled in the art that such equival ent
constructions do not depart fromthe spirit and scope of the invention as
set forth in 30 the appended cl ai ns.
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‘WHAT 1'S CLAIMED | S: 1. An integrated arc plasma-joul e heated

reH-er—waste—eehverster—uht———eQri sing: -5 m.-_ﬁﬁ?ﬂsu+ﬁ*._____

igenerating an arc plasma on top of or within a nolten pool in the

unit; and means for providing volunetric Joule heatl in the
nDIten pJUP’“?ﬁﬁlneans for generating the arc plas means for
provi ding volunetric joule heating configured such that each S

separately and i ndependently controlled during 10 simultaneous operation
in response to a sensed process parﬁgeget. 2. A fully integrated
arc plasma-joule heated nelter wast e§sion uni t conpri si ng:

at |east one arc plasna el ectrode; 15 a first power supply source
connected to the at | east one arc plasna el ectrode and characterized
in that an arc plasma generated between the at |east one arc plasma

Thls Sheet
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electrode and a nolten pool in the unit is on top of or W|th|n tﬁe nmol t en

pnnl

a nlurallt\/ of Jﬂll|

P’s

a. second power supply source connect ed to/the plurality of jOU| e heating 20

el ectrodes and configured to provide vol dmetric j oul e heati neiita
wherein the fi rst and decond power supply :J

(71) Applicant (for all designated Siates except US): BATTELLE
MEMORIAL INSTITUTE [US/US]; 902 Batteile- Boule-
vard, Richland, WA 99352 (US).

(71)(72) Applicants and Inventors: TITUS, Charles, H. [US/US);
323 Echo Valley Lane, Newtown Square, PA 19073 (US).
COHN, Daniel, R. [US/US]; 26 Walnut Hill Road, Chestnut
Hill, MA 02167 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): SURMA, Jeffrey, E.
[US/US]; 806 Brian Lane, Keanewick, WA 99337 (US).

(74) Agent: JIMENEZ, Mary, Raynor; Choate, Hall & Stewart, 53
State Street, Exchange Place, Boston, MA 02109 (US).
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conver si on uni t negligible if this is 1.5 times (L/C)'2.
As shown in Fig. 3(b), DC electrical system 348 may have a power
transformer with a wye or delta secondary windiﬁg 384a-384c. Primary winding
5 382 is preferably delta. As also shown in Fig. 3(b), the power rectifier is preferably
a three-phase full wave rectifier. The rectifier may be a current controlled thyristor
rectifier as shown in Fig. 6(a), i.e., a silicon-controlled rectifier in which the anode-
cathode current is controlled by a signal applied to a third electrode. Alternatively, _
the rectifier may be three-phase full wave diode rectifier with the current control
10 to maintain the desired DC current such as that illustrated in Fig. 6(b). If a thyristor
rectifier is utilized, it is important that a full-rated current floating diode be placed
across DC output terminals 378a, 378b. It is not necessary to add a DC "floating”
or "clamping” diode when using a three-phase rectifier since the diodes in the
rectifier will suffice.
15 For a DC arc furnace, it is preferable to use a three-phase full wave diode
rectifier with saturable reactor control 386a-386¢:. \Regardless of which type of
power supply is used, it is important that an inductor is connected in series with the

DC power lead which is not grounded. This reactor is.neéessary to rapidly supply
the energy when the furnace conditions are such that thezle arc voltage suddenly

20 increases. . :

Refractory is utilized to line vessel 302. Refractory inay be formed of any

suitable material capable of handling temperatures required to process the waste
material. For example and while not meant to be limiting, vessel 302 and portions
of the refractory may be formed of ceramic or graphite. If the bottom of the inside

25 of furnace or melter 302 is made of suitable refractory such as ceramic or the like
and is a poor electrical conductor when hot, counter electrode 380 may be formed by
depressing a portion of the floor of furnace 302 between joule heating electrodes
368a-368f and then slightly 'elevating the molten metal drain tube so that a pool of
metal remains in this depression in the furnace floor even after the metal is drained.

30 This metal may act as a counter electrode 380 for the AC joule heating circuit and
may simultaneously be used as a DC arc circuit electrode.
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claim 2, ‘wherein the nunber of arc pl asma el ectrodes is greater than two.

7. The fully integrated arc plasma-joule heated nelter waste conversion
unit of 15 claim 2, wherein six joule heatjng el ectrodes are positioned in
~tRe unit, ¥he six jOU| e heati ng el ectrodes each connected to the

second power supPUNABLEcSERFPQWERED SNTEGRATEDARC BBASMAMELTER oul e

ol asma) ol zhﬁmmbwmmwmwfwm&mw the

unit is in the formof an el ongated cCREIOEOVERY : The fully

I ntegrated arc plasma-joule heated nelter waste conver5| on unit of

claim8, wherein the nunber of arc plasma el ectrodes is two. 25 10.

The fully bnt egrated arc pl asna- jOlLi.@ W‘g}‘m wast e conversion unit.
Fal m 8, wherein the nunber F el ectrodes is greater

t han t wo. The present invention generally relates to systems for waste conversion, and

more particularly to independently controllable arc plasma-joule heated melter
combinations as integrated systems to provide a tunable waste treatment and power
production facility. -
15 _
BACKGROUND OF THE INVENTION
The disposal of municipal solid waste (MSW) and other waste has. become a
major issue over the past few decades due to space limitations for landfills and
problems associated with siting new incinerators. In addition, increased .
20 environmental awareness has resulted in a major concern of many large metropolitan
areas and to the country as a whole to ensure that the disposal of solid waste is
properly handled. See e.g., USA EPA, The Solid Waste Dilemma: An Agenda for
Action, EPA/530-SW-89-019, Washington, D.C. (1989).
Attempts have been made to reduce the volume and recover the energy
25 content of MSW through incineration and cogeneration. The standard waste-to-
energy incinerator will process the solid combustible fraction of the waste stream,
produce steam to drive a steam turbine, and as a result of the combustion process
produce a waste ash material. Typically, the ash is buried in a municipal landfill.
Current trends and recent rulings, however, may require such material to be shipped
30 to landfills permitted for bazardous waste. This will substantially increase ash
disposal costs. Moreover, there is increased public concern about gaseous emissions
from landfills and the possibility of contamination of groundwater. Another
disadvantage associated with incinerator systems is the production of large quantities
‘of gaseous emissions resulting in the need for costly air pollution control systems in
35 an attempt to decrease emission levels to comply with requirements imposed by

regulatory agencies.
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1% The fully integrated arc plasma-joul e heated nelter waste conversion
unit of claim9, wherein six joule heating el ectrodes are positioned
in the el ongated 30 chanber, the six joule heating el ectrodes each
cennected to the second power supply -Zource and configured to provide
volunetric joule heating in the nolten pool. ) .

-31- 12.  Tmerdeg|tp pversomgrthe shorigomipgsassaciped | vath ginSEAtoRRSYsSEMSAa st e
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transformer k¢ R@stes. Thadise @ aroplasii Yorchesdprogides dn atlvintsget oven eraditional
incinerator or combustion processes under certain operating conditions because the
5 volume of gaseous products formed fro_rﬁ the plasma arc torch may be significantly
* less than the volume produced during typical incineration or combustion, fewer toxic
materials are in the gaseous products, and under some circumstances the waste
material can be glassified. _
For example, U.S. Patent No. 5,280,757 to Carter et al. discloses the use of
10 a plasma arc torch in a reactor vessel to gasify municipal solid waste. A product
having a medium quality gas and a slag with a lower toxic element leachability is
produced thereby. .
U.S. Patent No. 4,644,877 to Barton et al. relates to pyrolytic destruction of
polychlorinated biphenyls (PCBs) using a plasma arc torch. Waste materials are
15 atomized and ionized by a plasma arc torch and are then cooled and recombined into
gas and particulate matter in a reaction chamber. U.S. Patent No. 4,431,612 to Bell
et al. discusses a hollow graphite electrode transfer arc plasma furnace for treatment
of hazardous wastes such as PCBs.
A process for remediation of lead-contaminated soil and waste battery
20 material is disclosed in U.S. Patent No. 5,284,503 to Bitler ef al. A vitrified slag is
~ formed from the soil. Combustible gas and volatized lead, which are formed from
the waste battery casings, are preferably transferred to and used as a fuel for a
conventional smelting furnace.
The systems proposed by Barton et al., Bell et al., Carter et al. , and Bitler ez
25 al have significant disadvantages. For example, such disadvantages include
insufficient heating, mixing and residence time to ensure high quality, nonleachable
glass production for a wide range of waste feeds. Additionally, hearth size and
feeder design are significantly limited since furnace walls must be relatively close to
the arc plasma which is the only heat source. High thermal stress on the walls of
30 the furnace often occurs as a result of the limitation on the hearth size.
Prior art arc plasma furnaces with metal electrodes further may be limited by

short electrode lifetime when used at higher DC current. Therefore, to achieve
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5¢secondary w ndi ng; at | east one saturable reactor having a

first end and a second end, the first end of the at |east one
saturabl e reactor connected to the at |east one secondary wi ndi ng of
the transfornmer; rectification3means having at |east one AC

I nput termnal, and first and second 10 DC output termnals, the at |east
one AC input Pighes PRIVEIHPie theare potentiakmust e eatsgd by lengihening the arce ;EIs one

saturabl e rea : - £d B 5@4 : counter
el ectrode in ﬁgﬁﬁjﬁ%{}@aﬁr‘{éiﬁe% kb tg% I n uc?%?wt%g\g/%ﬁdgjléaaa?ﬁrsﬁeménd and a
second end, t électtodesftoreh) ineffactéveness. tln addétion, there @acoofifert difficultiés asbodifted DC
output of the rectification neans and.the secon&i end.15 _copnected to the

at |east one ¥t BIOLATH AR 36 fesmas in startap and fgslariing pf/s tEGPAER arc
pl asma-j ouke haghedwhel E&d, ﬁ@:ﬂ&u@&ﬂgﬁfoﬁﬂwidg%ﬁteﬁﬁl is being%r@ééihe’d. further
I ncluding at l['east one netal discharge port and at | east one sl ag

di scharge port in [Fhusjeviilensuch priooartt attempts havehbeenniseful, 2bere remaing.a needhin
fully integrated c plasma-joul e heated nelter waste conyersi.on unit of
cl'ai 1 13, aholBIHE [9ich RS CYtorRRPGES SR GOLVeTSEr IR D BHHEESS o o

bottom hazardous gaseous emissions and which maximizes conversion of a wide range of

solid waste into useful energy and produces a product stream which is in a safe,

10  stable form for commercial use or which does not require special hazardous waste
considerations for disposal. It would therefore be desirable to provide a robust, user
friendly and highly flexible method and apparatus for processing and converting a
wide range of waste materials into useful energy and stable products while
minimizing hazardous gaseous emissions, thereby overcoming the shortcomings

15 associated with the prior art.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a method and apparatus for

increased conversion of solid waste materials such as municipal and industrial waste
20 to useful energy with greatly reduced air pollution.

It is another object of the present invention to provide a method and
apparatus for converting a wide range of waste materials to useful commercial
products or to a safe, stable product which is suitable for disposal.

It is another object of the invention to provide a method and apparatus for

25 converting waste materials using a combination of an independently controllable arc
plasma and joule heated melter as an integrated system.

It is a further object of the invention to provide a method and apparatus for
converting waste materials using a fully integrated joule heated melter and arc
plasma unit. _ |

30 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
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syrface of the unit. 25 15. The fully integrated arc plasma-joul e

heat ed nel ter waste conversion unit of claim 13, wherein the slag

di scharge port extends upwardly at a prede&grnined angl e relative to a
skde surface of the unit and wherein the slag discharge port is positioned

above a botto | ) .3C | t | .
30" 26" " e leREAed bydclf 6 berR shfuBlfeButy WiREE ofinntolimdfied G001 RA8
conver si on uniithdhdependemt|controllst, thé poweeto eavhl. udi ng an auxiliary heating

h hed tg the sla di schayrge port. )
chanber attac ?t is yet a fux%xer object o? the in%ent%n to provide a method and apparatus

for vitrifying waste materials using a combination joule heated melter and arc plasma
5 as an integrated system.

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

It is yet a further object of the present invention to provide 2 method and

10 apparatus for highly effective conversion of waste materials to gaseous fuel capable
of generating electricity through a small, highly efficient gas turbine or internal
combustion engin:'.

It is still a further object of the invention to provide a waste conversion unit
that can be self-powered or can provide a given level of electricity for outside use by

15 utilizing an auxiliary fuel, such as natural gas, diesel or some other fuel, in varying
amounts in the gas turbine or internal combustion engine.

These and other 'objects of the invention are provided by a system which is
capable of processing municipal solid waste (MSW), industrial waste or other waste
forms into a stable nonleachable product which is suitable for use commercially or

20 which can be disposed of without risk to the environment. The system also
minimizes air emissions and maximizes production of a useful gas product for the
production of electricity. '

The present invention provides a compact waste-to-energy processing system
that has the advantage of complete or substantially complete conversion of waste

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

The combination of the arc plasma furnace and the joule heated melter as an

30 integrated system with gas turbine-or internal combustion engine generating

equipment provides a self-powered waste treatment and power production facility
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17. The fully integrated arc plasma-joule heated nelter waste conversion
unit of claim?2, wherein the at |east one arc plasma electrode is a
graphite el ectrode. 18. The fully integrated arc plasma-joul e
heated nel ter waste conversion unit of 5-Claim17, wherein the at |east

one arc Ias | ectr cl udes a prot CIIVEC ti . 19. The
FULTy §ntegr HRish B caahie lps)ﬁr:@lomﬁwee Elscrialh atoBtie ol apd ibist Gano;
claim 2, furB@@ﬁs#V%ﬁl\é@'t@ﬁa gé"vbﬁﬁ‘n&fof'rﬂlﬁii&bhle%llhe\%sté”'g and/ or i xi ng

coils in a eermne Ition relative'to the unit. 10 20.
The fully int egraﬂhdpanmrppmm@ummdatabu mpludes a IS arc plamf@n heatingi t

posi t1 oned apsts TALGHl 0 R Bisdoe el cheRPIfy 10 SohH By JOERRO ne

unit. 5 the electrode arc or arcs is a DC electrode arc or arcs with electrodes formed of
graphite. The use of a DC arc electrode in combination with a special electrical
circuit ensures simultaneous independent control of the arc plasma'and the joule
heated melter. The primary mode of operation of the arc plasma and joule heated
melter is pyrolysis (oxygen starved operation). ‘In a preferred embodiment, the

10 system is operated such that fest pyrolysis occurs, thereby producing a gas with
higher purity as compared with other methods of pyrolysis.

Ina preferred embodiment of the present invention, the arc plasma and joule
heated melter components are fully integrated with a common molten pool such that
the system is capable of simultaneous independently controllable, i.e. tunable,

15 operation of these components. The arc plasma occurs between a graphite electrode
or electrodes and the molten material. Graphite is the preferred arc electrode
material rather than metal since graphite electrodes simplify the process and since
graphite has much higher current capability than a metal electrode in a plasma torch.
In addition, graphite electrodes require less maintenance relative to the frequent tip

20 replacements of the metal electrode plasma torch systems. It should be appreciated,
however, that other metallics elements such as tungsten or the like may be utilized as
the electrode material.

The tunable fully integrated system employs electrical and mechanical design
features to maximize flexibility and effectiveness. The benefits of this embodiment

25 of the invention include, but are not limited to, high processing rates for vitrification
of a large variety of materials into high quality, stable, non-leachable glass and
reduced volume requirements due to the iﬁtegrated system. The joule heated melter
provides deep volume heating and is capable of maintaining a constant temperature
throughout the melt pool with uniform mixing characteristics, thereby resulting in a

30 high quality, homogenous glass product. The arc plasma provides the necessary
radiant _surface heating for processing feed material in a highly efficient manner and

at significantly higher rates than other technologies. Simultaneous independently
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15 21. A system for converting waste material to useful energy and/or

solid product, the system conpri si ng: a fully integrated
arc plasma-joule heated nmelter waste convegsion unit, the uni t
conpri si ng: (a) at | east one arc plasnma el ectrode; 20

b f te
E)I ZB.S maael la(r:tsr gggﬁg%&é%ﬁgéagg 3’?[‘@%@‘8%5&?‘% ?ﬁa't?gar C &?farsn%g@x;fg fl f%et ween
the at | east predetertmingd anmhekérestinfigdmtionsiand elettrieal ¢iealitsi rinhile not ideantstoon

to of.or within the | ten pool ; ) (c) a
pl Er ality of Beolifpiings b #g lg?%‘& Prstfaably Zg operated by a DC arc and the joulg heted g

f . , \
power suppl y &Ehrrqg ng‘r&e&gcﬁfﬂd g?/xfrﬂ'g ‘\[:f(ljéf’f)@ hicYaridf AC p eovT"leat fo#ée Ihén%iﬂé@nﬁﬁ@rt I ng

el ectrodes and con t'o pr unetric joul

t he nol t enS powtangement ensures the ability to intepeadentiyheonitiol ahd @perateeachd power
supply sources are configured such that each is separately and
i ndependent | yFOURFYt | ed i n response to a sensed 30 process

P It i PRSIl o A, O Py pROCAROHAR
uniform heating than prior art techniques. In addition, utilizing deep volume
heating provided by the joule heated glass melter facilitateé ease of operation. It

10  also provides the constant heat source necessary to maintain sufficient electrical
conductivity in the waste material for rapid restart of the arc plasma which uses an
electrical conduction path through the waste material. Additionally, the fully
integrated system alllows the furnace walls to be further from the arc plasma since
there is an additional heat source provided. Tnductive heating and/or mixing coils

15 may be utilized to provide additional heating and/or mixing in the melt pool. The
increase in wall distance from the arc plasma increases feed options and reduces
thermal stress on the furnace lining. The present invention also allows the use of
electrodes having a long life and a very wide range of arc plasma and joule heater
power levels.

20 The independent control of the arc plasma 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
be required for pouring glass or maintaining the glass pool temperature while
additional surface heating may be necessary during the initiation of feeding. In

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

The high quality, vitrified products produced in accordance with the present

30 invention may be used in a variety of applications. For example, the vitrified
products may be crushed and incorporated into asphalt for use in roads and the like.

Alternatively, the vitrified products may be utilized to replace cinder in cinder or
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- 33- (f) a second discharge port positioned to

di scharge netal fromthe unit; and (g) a
third di scharge port positioned to discharge slag fromthe unit;

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

that 5 a netal |ayer, a slag |ayer .and a gaseous phas@'ifi}s formed_in the

uni t ;  buildingzblacks, ghesehy. BlmNAIRE 3 of Water, /ithin the Blpgk. o Fyrther,
cl ean-up uni ty,CoRfikgY E%ﬁuE& may be SGRAfiEd fo S*fﬁaﬂﬁ&ﬁﬁwﬂicﬁ%&ﬁfb@teéﬁb%ﬂﬁﬁlt he
unit into fuel gas and particul ate matter:; a gas turblne

el ectricity gehmmatredugtiombdverapriarcdretittification mriodunts. uThesolidified fomads suitable
turbi ne el ect

L o et et 5 b 4 o 2k 1otk 20 e fuel gas from
introducing a predpecfordgofth REOOUinedl sofeXdf the miork Rtiridt Bbjects of the present
invention. These objects should be construed to be merely illustrative of some of the
more prominent features and applications of the invention. Many other beneficial
results can be attained by applying the disclosed invention in a different manner of
modifying the invention as will be described. Accordingly, other objects and a fuller
10 understanding of the invention may be had by referring to the following Detailed

Description of the Preferred Embodiments.

lliRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the present invention, reference is had to the

15 following description taken in conjunction with the accompanying drawings, in-
which:

Fig. 1(a) shows a preferred embodiment of the arc plasma furnace and joule
heated melter according to the present invention in which the furnace and melter are
formed as a fully integrated system with a common molten bath;

20 Fig. 1(b) shows a fully integrated arc plasma furnace and melter in which the
melter portion electrodes are positioned at an angle relative to the vertical portion of
the arc plasma-melter unit;

Fig. 1(c) shows the fully integrated system of Fig. 1(b) with magnetic coils
for inductive heating and mixing in accordance with the present invention;

25 Fig. 1(d) illustrates the fully integrated system of Fig. 1(c) having a
secondary thermal boost in accordance with an alternative embodiment of the
invention;

Fig. 2 illustrates a fully integrated arc plasma furnace and joule heated melter
system with independently controllable power delivery systems;

30 Figs. 3(a) and 3(b) respectively show an AC power system and a DC power

system for use with the fully integrated systems;

S
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predetermned rate into the gas turbine electricity generating unit.

22. The waste conversion systemof claim?2l, wherein the auxiliary fuel
is 15 heating oil, diesel fuel or natural ggas. 23. The waste
conversion systemof claim 21, wherein the“gas turbine electricity

it 50 20, g @Al AthHBeb G 5 AR A aReBE SRR

auxi liary fugleom®tries forlﬂqbaﬁﬂgqngFfatedjgﬁwﬁs;fuel or natural gas. 25.
The waste conversion system of aim 21, wherein the first power suppl

source is a DC povig. Sulipstiatesoueiseuitdisgrams haying she ability to congect jacppstion @
Lranst or mer rlgé’ Ir@g@ eRbtrbERShat Wl SR Yol A€ aRE B dcrding 35 theiffegrated

secondary w ndi
5 systems; and

Figs. 6(a) and 6(b) illustrate DC power system arrangements for the arc plasma
portion of the systems of the present invention.
Similar reference éharacters refer to similar parts throughout the several
views of the drawings.
10
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
A preferred embodiment of the invention is shown in Figs. 1-5. In this
émbodiment, the DC arc and the AC joule heated electrical systems are fully
integrated and operated simultaneously in a single glass melt, but are isolated
15 electrically from one another through the use of a special power delivery circuit.
The arc plasma-melter combinations illustrated in Figs. 1(a)-1(d) and 2 are
integrated both thermally and electrically.
The fully integrated plasma-melter systems in accordance with the present
invention provide the advantage of having continuously tunable proportions of power
20 between the plasma heating and the glass melter heating. For example, the
continuously tunable independent powering is ﬁseful when it is desirable to utilize
one portion of the system, e.g. the arc plasma or the melter. The continuously
tunable independent powéring provides robustness and facilitates ease of operation
under changing conditions. The continuously tunable independent powering
25 additionally improves efficiency and maximizes environmental attractiveness by
providing additional control over solid waste products, e.g. glass, and off gas
generation.
Continuously tunable indepehdent operation of the arc plasma and melter
allows the user to select various types of heating. For example, the arc plasma (or
30 plasmas) provides radiative surface heating. Large amounts of plasma power may be
used at the initiation of feeding. Somewhat lower, but still substantial amounts of

plasma powef may be uséd during continuous feeding. High surface waste
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at_ | east one saturable reactor having a first end and a second end, the
first end of the at |east one saturable reactor connected to the at
| east one secondary wi ndi ng of the tr_@psformer; 30

rectification neans having at | east one ACinput termnal and first and

second t erm i ef. .
connoat ed t o empeAe fEtl, ARlifaret RignTheduBfibl F0Cseirg a8 4" Mbiysis to
reactor, the protade high Qualtytcontbustitlalgas.o High sedfadeheating is als®uedded fer ect r ode
in the unit; and n i nductor having a first end and a second

end, the Ty SErogeseingcHse thametsriahis ificultto R of afiere e Teatexialos Bighlt put
of the rect gLl WRARS Aiftidy'the WRORENENbe BubHRARRS S fadslf i | cast

one arc plasma electt
: 5 absence of arc plasma.

Joule heating with glass melter electrodes provides deep, volumetric heating.
This type of heating ensures production of high quality glass by promoting mixing in
the entire melt pool.' It also provides conductive material for more stable transfer
arc operation. Independent use of volumetric heating may also be utilized to

10 maintain the waste in a molten state at low power requirements when there is no
feed. Volumetric heating is also important for glass pouring.

Continuous%y tunable independent powering of plasma heating and glass
melter heating facilitates the use of extra volumetric heating for purposes of glass
pouring or improved glass production without increasing the adverse effects of only

15 plasma heating such as excessive volatilization of material and thermal stressing of
the furnace wall.

In addition to continuously tunable independent powering during processing
of a given type of waste stream, the tunable features of the integrated plasma melter
unit may be used to optimize processing of different types of waste streams. For

20 example, municipal waste streams may generally require lower relative amounts 6f
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 substances.

The use of volumetric melter heating also facilitates a greater range of

25 options for plasma electrode configurations. Because volumetric melter heating
maintains material in a substantially molten and conductive state, more than one
plasma electrode may readily be utilized. This is in part due to the molten material
providing the conducting path between the electrodes. It is thus readily possible to
continuously tune operation for the use of one or more plasma electrodes. The

30 increased flexibility may be used to optimize production of combustible gas,

minimize particulate emission and reduce electrode wear.
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26. The waste conversion system of claim 21, wherein the second power

suppl y source is an AC power supply source, conprising: at
| east one transforner having at |east one_gyimary w nding and at |east one
1@ secondary w ndi ng; at | east one capacitor connected in

series with the seeg,pg}ag,x%wnp%yﬁgina{a%a@@m powerire?the piRna i HORAGRARSE * ©

a first of the plura ou eat’1 ng ect rodes; a

at Ideast one sysfetiisahlseprosiies argreathnexpaaded amownti cftempédature eontealo nSigatial
wi nding 15 of the transformer and connected to a second of the plurality
of joul e heatdndgemporal copiEel, of femperature Wh‘??.ga& n%a‘ée%%‘o‘é%ﬁ\%?‘ if'nmé‘i}?f’em

of claim 26, e&@;%@ 'uﬁpltcﬂg éfxé bﬁ%ﬁ@.ﬂﬁ%n& ¢R¥rdnmental RARAHRdsS of clgﬁibﬁﬁweai'c

supply sourc ste conversion system of claim 27,
wherein t he Ofasmaend meped yitrificatioaGystemsconpri ses: .at | east one

transforner havi ngAg tdisl.:t?sasesé hgrrcl,?n, %é %ﬂ{ Yntggrgt?(imngf 2 ?gulg thealltgg ?ﬁeltgln With the arc
plasma in accordance with the present invention also facilitates the use of an
elongated melt chamber with two arc plasma electrodes. The molten material is
capable of providing a conducting or current path between the two arc plasma
10 electrodes. This configuration significantly increases flexibility of waste feed and
slag tapping and increases arc plasma electrode life and robustness. The two arc
plasma electrode-elongated chamber arrangement is facilitated by the joule heated
melter because the.' joule heated melter is capable of providing the necessary heat to-
maintain a conducting path between the two arc plasma electrodes during idle
15 furnace periods and also provides uniform heating in the elongated melt chamber.
The embodiments of the invention shown in Figs. 1-5 include a circuit
arrangement which allows passage 6f the required AC power through the melt using
submerged electrodes as in standard conventional joule heated melters, and which
also allows simultaneous operation of a DC arc plasma circuit through the melt
20 between upper movable electrodes or, if desired, between these electrodes and/or a
submerged counter electrode. The type of waste and the character of the moltén slag
will determine the preferred operating mode.
The integrated arc plasma-melter unit 300 is shown in Figs. 1(a)-1(d) and
includes reaction vessel 302. It should be appreciated that the joule heated melter
25 facilitates production of a high quality pyrolysis gas using the minimum energy ihput
to the process. This situation exists because energy input to the arc does not need to
be greater than that required to pryrolyze and melt the material in the arc zone. The

molten bath below the unmelted feed material is maintained at desired temperature
using joule heating as opposed to using only an arc plasma furnace. The energy

30 requirements to maintain the slag at the proper temperature are equal to the heat losses
from the melter outer surface. This is expected to be to be very low, i.e., about 20-30

KW/m? of slag or glass surface area for a properly designed melt chamber. Air/oxygen
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secondary w ndi ng; 25 at | east one saturable reactor having a first

end and a second end, the first end of the at |east one saturable
reactor connected to the at | east one secanpgary wi nding of the
t ransf or ner; ' rectification nmeans having at | east one AC i nput

termnal and gid/et a @BfbRREOADS air andea iPatddeli @b BliftAhdte chdtSfréth thearlt one AC
I nput term nal connected to the second end 30 of the at | east one saturable

reactor, the surfase apd adinspthe redexritatel ofctba mdass.e Thegoule heated anelier providasct r ode

in the unit; . . ' Ool...havin first.end.and a
second end.  t FEETRY g hghcpass) peas e st ot Sk R ik Shingie 40 o
out put of theint@@duédd. Chité dRAR300NEay ARo Saclodsiaiiliary heateg@20ect ed to the
at |l east one arc plasma el ectrode. )
5 Reaction vessel 302 includes top 302a, bottom 302b, and sides 302¢ and

302d. Bottom 302b may have a generally V-shaped configuration as illustrated in

Figs. 1(a)-1(d). Reaction vessel 302 further includes at least one port or opening

304a for introducing waste material 330 into reaction vessel 302. In a preferred

embodiment, reaction vessel 302 includes a plurality of ports or openings 304a and
10 304b as shown in Figs. 1(a)-1(d). The feed system may be any conventional type of

feed system which is capable of feeding municipal solid waste or other waste such as
hazardous waste, hospital waste, ash from an incinerator or the like to vessel 302 so

long as the feed system does not allow air to enter the vessel through the feed system.
Ports 304a and 304b may include a flow control valve or the like to control the flow

15 of waste material 330 into vessel 302 and to prevent air from entering vessel 302
therethrough. It is also preferred that such ports 304a and 304b be capable of being
controlled such that one or more can be selectively utilized separately or
simultaneously with one or another. Reaction vessel 302 also includes gas port or
opening 306 and metal/slag pouring port or opening 310. Opening or gas discharge

20 port 306 may be formed of any conventional material which allows controlled

discharge of a combustible gas. For example and while not meant to be limiting,
port 306 may be provided \;vith a flow control valve or the like to so that gas formed
in reaction vessel 302 may be selectively released into line 30. It is preferred that gas

discharge port 306 be positioned at or near top 302a of vessel 302. Metal/slag port 310
25 allows metal/slag which has formed and collected in vessel 302 to be discharged and
separated from the gaseé and slag formed in vessel 302. Discharge port 310 is
constructed in any manner which is capable of controlling the discharge of molten
material from vessel 302. In particular, port 310 is designed to have a flow control
valve or the like so that metal and/or slag may be removed and introduced into
30 metal/slag collector 312 at predetermined periods of time during the process. When

hazardous waste is being processed, it may be desirable to have collector 312
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5. 29. The waste conversion system of claim 21, further including at

| east one netal di scharge port and at | east one slag discharge port in
predeterm ned positions in the syst enm,_ 30. The waste
cenversi on system of claim?29, wherein the 2mst al discharge port is 10

positioned proxijate to a, pott urface of the.uniit. 3. The
Paste conver SEADY. ophfkd) REpST T 4f nARGpr oty wlhk andror gpses e op hist or
ext ends upmardihtytha@ygerafmdemdghned angle relative to a side surface of the
unit and wherein the slag discharge port is positioned above a bottom
surface of the uniYeséﬂ@@Hﬂabmeaﬂdéﬂmﬁﬁoﬁ sucheas il PB gasHemury, port 302e, 3o

heating chanbhoo iR SIp P @IhR L) A ok at Shiry Hord S0l 0o B st
5 as a flow control valve or the like. Preferably, port 302e is positioned to enter
through the furnace wall at a level proximate to slag material 332 as shown in Fig.
1(a). In this manher, air 50b (which may contain a predetermined amount of steam
80), is injected into vessel 302 at a controlled rate and time during the conversion
process to control the composition of the gas exiting the furnace. In addition, air

10 and/or steam may be introduced through opening 302e to ensure that any carbon in
the feed material has been converted to carbon-containing gases such as CO, CO,,
H,, CH, and the like. This reduces the amount of charring during the process which
may result when ca‘,rbon is not completely converted to carbon-containing gases.

As further illustrated in Fig. 1(a), system 300 also includes turbine 56,

15 generator 60, and the necessary equipment required to couple the arc furnace-melter
unit thereto. For example, system 300 preferably includes hot gas cleaning
equipment 40, waste heat recovery unit 72, and air 48 and water 68 injection
systems. While not shown in Fig. 1(a), a feed conditioning process for waste
material 330 may also be utilized prior to being fed to vessel 302. In addition to the

20 units shown in Fig. 1(a), it may be desirable to incorporate an off-gas scrubbing
process for gases exiting clean-up unit 40 or the gas fired turbine to remove any acid
gases therefrom. Preferably, the only gas conditioning required for the gases exiting
arc vessel 302 is gas-solid separation in hot gas clean-up unit 40 to minimize the
amount of particulates entering turbine 56.

25 The gases produced in vessel 302 are combustible gases formed as a result of
fast pyrolysis. As discussed herein, fast pyrolysis generally results in at least 65%
conversion of waste material to a useful gas for combustion. While not to be
construed as limiting, vessel 302 utilized in accordance with the present invention is
expected to provide a gas containing about: 2% carbon dioxide, 44% carbon

30 monoxide, 43% hydrogen, 2% methane and the balance being light hydrocarbons.
The gés produced in vessel 302 is transported through line 30 to hot gas clean up

unit 40 where ash 42 is removed and thus separated from fuel gas 44.
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20 33. The waste conversion system of claim 21, wherein the unit is in

t he form of an el ongated chanber. 34. The waste conversion
system of claim 21, wherein the nunber of _pc plasm el ectrodes is
two. 25 35. The waste conversion system of claim 21, wherein the

nunber of arc pl asffake air 49'@%};%1 ch-ﬁﬁre;kla?])r 65 i %B%thfn‘éﬁkompressogaé Gnay be'N€

wast e conversion system of ¢ erei n six Joul e heat’l ng
el ect rodes ar divjledi intcosevelral deliveey stredms.t For sxampley hie flowaS0ais feldaotconmbastor

cach. SOMIeCt ot o i Mo 0B R ey L0 00 2 confi qured o

Fuel gas 44 enters combustor 52 and combines with air 50a. Hot gases and

5 steam 54 produced in combustor 52 drives turbine 56 which is connected to
generator 60 via 58 such that electricity 64 is thereby generated. Turbine 56 is
preferably a high efficient steam-injected gas turbine. Such turbines are
commercially available.

To ensure self-powered operation, especially during startup, a varying amount

10 of natural gas or other type of fuel 53 may be fed to combustor 52 (or internal
combustion engine 55 as shown in Figs. 1(b)-1(d).

Water 68 enters system 300 through pump 66 to heat recovery steam system
72, i.e., a heat exchanger where heat from hot turbine exit gas 62 exchanges to flow
70. Exhaust 74 is separated from steam 76 in heat recovery steam system 72.

15 Steam 76 is preferably recycled as steam 78 to turbine 56 and as steam 80 to air
flow 50b, as shown in Fig. 1(a) respectively.

Referring now to Figs. 1(b)-1(d), an off-gas process similar to that shown in
Fig. 1(a) is illustrated except that compressor 46, combustor 52 and gas turbine 56
are replaced by an internal combustion engine 55. Internal combustion engine 55

20 may be easier to utilize and may be more cost efficient than a compressor-gas
turbine, especially for small tunable plasma-melter electroconversion units. Air 50a
and auxiliary fuel 53 may be fed to internal combustion engine 55 in a
predetermined manner based on the composition of fuel gas 44. Preferably, the
efficiency of engine 55 provides sufficient electricity for all or substantially all of the
25 electrical power required for the tunable plasma-melter electroconversion unit.

While not intended to be limiting, internal combustion engine 55 is preferably
operated in a very lean mode, i.e., a high ratio of air to fuel with hydrogen-carbon
monoxide gas as fuel. In this manner, electricity may be produced from hydrogen-
rich gas. By operating with low equivalence ratios (fuel/air ratios relative to

30 stoichiometric ratios) in a range of about 0.5-0.6, production of NO, may be greatly
reduced, i.e. by factors of more than 100 relative to stoichiometric operation.

Hydrocarbon and carbon monoxide emissions should also be very low.
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- 36- 37. The waste conversion system of claim 21, wherein the at

| east one arc plasma el ectrode is a graphite el ectrode. 38.

The waste conversion system of claim 37, V\/P@rel n the at Ieast one arc
‘pkasma 5 el ectrode includes a protective Coati ng. The fully
integrated arc pla f

claim4, wherein t Bégﬁb\?%?&%ﬁp é%s‘ﬁpg‘é&%}n%sﬁp{%{ S?ﬂgg&{dérl%&%@ls d&" st abl e

transfer arc ejpénestdreess thenswe féﬂvery shial] Ginitd ynd afecysiet axistart andlsésphapoul e
heated mel ter V\ﬁiése &‘%nf\égﬁl?altg Srolcjltqtlzt}on <f)f a desired level of electrical power, particularly
during startup, an auxiliary power such as hydrogen-rich gas, propane, natural gas
5 or diesel fuel may be used to power the internal combustion engine. The amount of
auxiliary fuel may vary depending on the composition of the waste stream, i.e. the
heating value of the incoming waste material and the amount of combustible material
in the waste material and the power requirements for waste processing.
Chamber 320 includes one or more heaters 322, conduit 326, slag pouring
10 conduit 324, port 328 and slag collector 336. In particular, due to differences in
specific gravity, metal in metal/slag layer 332 moves toward bottom 302b in vessel
302. Slag in metail/slag layer 332 exits through opening or port 326a into conduit
326. Slag 334 is heated further by chamber 322a and 322b for a time sufficient to
“provide a homogeneous slag product. Slag 334 then passes through slag pouring
15 conduit 324 and port 328, thereby exiting chamber 320 into slag collector 336.
When hazardous waste is being processed, it may be desirable to have collector 336
sealably connected to port 328 in a manner such that air and/or gases do not enter or
exit the system therethrough. Port 328 may include a flow control valve or the like
to control the discharge of slag 334 from heat system 320. Auxiliary heater system
20 320 is utilized when it is desirable to decrease the viscosity of the slag in-order to
maintain the slag level in the vessel. The auxiliary heater system also compensates
for heat loss as the slag approaches the slag discharge prior to dropping into the slag
container. _ _
Reaction vessel 302 also includes a plurality of AC joule heating electrodes
25 308a and 308b. As further shown in Fig. 1(a), electrodes 308a and 308b may be
positioned across from one another on sides 302c and 302d, respectively. In
addition, electrodes 308a-308b are positioned so as to be submerged in the slag 332
mix when the process is in use.
Fig. 1(b) illustrates an alternative arrangement for the positioning of
30 electrodes 308a and 308b in accordance with the present invention. The positioning
of electrodes 308a and 308b as illustrated in Fig. 1(b) facilitates replacement of the

electrodes. In particular, this type of arrangement allows replacement of electrodes
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claim12, wherein the DC power supply source is configured to provide

stabl e transfer arc operation. 15 41. The waste conversion system
of claim 25, wherein the DC power supply source is configured to

pkovi de stable transfer arc operation -15- 42, The vvaste conver si on
system of claim 28, wherein the suppl y sQur ¢ S conf| ur.ed
to provide st%ﬁl‘@“‘tﬁhﬁ@?"éP‘%Pf:d@ﬂ)‘EPg f\‘mafﬁ hearth. @s‘al “3\ & ed

arc pl asma-j Oﬁh&sﬂﬁﬁE%@ 1{@&&?&%@&%%@%%@&'@@ hde. Accordfiglip pdé#yﬁ%i)ur ce

at least one arc plasma electro I rst power

connected to chetredeSIiiDBatand@QShratmigmrﬁwalaadtm%a'eﬁﬁctlwm while acteri zed in
that an arc plas rated between the at | east one. rc | as

el ectrode and®% qgfl?%ﬁ YoRrsyenting the, S36ape Of Lelgase. rgaBE t%Fﬁ ’f?nfaﬁgmﬁ’btl en

pool ; 5 electrodés Rls Headddt ymﬁleld&”t& b& @Shstraed % ?ﬁﬁlﬁﬁgeﬁz 13/399a and 309b
a second power supply source connected to the plurality of joule heating
of electrodes 308a and 308b relative to the respective interior sides of the furnace

are preferably between about 30°- 45°. It may also be desirable to utilize metallic
electrodes or coated graphite electrodes for the joule heated melter. Electrodes 338
~ may be positioned at any angle so long as they are positioned on an interior face of
10 the hearth. The arc plasma electrode or electrodes are preferably formed of
graphite. The portion of the electrode length just above the bottom of the electrode
may be coated to cilecrease the rate of erosion.
As further shown in Fig. 1(b), AC powered joule heating electrodes 308(a)
and 308(b) are preferably inserted through sides 302¢ and 302d of furnace 302,
15 respectively. As mentioned above, angles 309a and 309b of the electrodes relative
to the respective interior sides of the furnace are preferably between about 30°- 45°.
The top end of each electrode preferably extends outside the metallic furnace
enclosure and may be capped with an electrical connection which will be electrically
insulated from the electrically grounded furnace shell. The bottom end of each
20 electrode is immersed beneath the molten bath to a desired depth. By selecting the
proper location of the point of entry of the electrode below the surface of the melt,
no portion of the electrode will be exposed to the DC arc or radiation from this arc,
thereby increasing the life of this electrode. _
When it is necessary to replace electrode 308a and/or 308b, the spent
25 electrode is withdrawn from the molten bath. If a new electrode is inserted into the
bath without preheating the electrode, the cold electrode may cause the viscosity of
the molten bath to increase where the electrode contacts the molten bath, thereby
making it difficult to insert this new electrode into the molten bath. Accordingly, it
maiy be desirable to also electrically energize this electrode by using a special
30 electrically isolated, current limited. power supply which will safely provide
additional heat at .the junction of the bath and the electrode to fully permit immersing

the new electrode into the bath. In a preferred embodiment, suitable electrical and
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el ectrodes and configured to 'provi de volunmetric joule heating in the nolten

pool ; 30 wherein the first and second power supply sources are
configured such that each is separ atel6y and i ndependently controlled
dering operation to provide

- 37- predet erm ned anpunts of arc plasma heat and tLﬂoul e heat '
response to dhemmal desulation pay,alse & e PEP Y g}each electrodgfg;o t-eaeh ﬁ’&g'ﬂ'%de will

conversi on unit; o &hFoM ﬁégg%‘@pé@a %glﬁé %et'aﬁfcrfﬁ c€dncidsurkNt 0 the

unit forns a gas, a vitrl en exposed to the arc
pl asma hdugingngprmal operation.

Fig. 1(c) illustrates another embodiment of the present invention in which
5 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
stirring or mixing beyond that normally produced by the melter portion of the
furnace and the DC arc portion of the furnace may be desirable. This may be

10 accomplished by the addition of strategically placed magnetic coils such as coils
315a and 315b to create greater J x B forces which in turn causes additional mixing
and/or heating in the molten bath. Coils 315a and 315b may be positioned within
the metal shell of the furnace, but behind the refractory lining of the melt pool.
Alternatively, if the furnace shell is fabricated of non-magnetic stainless steel such as

15 304L or 316 grade, the coils may be placed on the exterior of the shell. Coils 315a
and 315b are connected to an AC power supply source. The frequency of the power
supply source may vary depending on the material. This enhancement of bath
mixing is an example of the type of "tuning" which may increase furnace electrode
life and waste throughput.

20 Fig. 1(d) illustrates anothef embodiment of the present invention in which an
alternative configuration of the plasma melter process incorporates a secondary
thermal boost system 307. This system may be an arc plasma in a chamber to
provide the necessary thermal energy to further crack condensable fractions exiting
the primary plasma-melter process. As shown in Fig. 1(d) for example, secondary

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

Conversion of waste to electrical energy for the plasma melter process
depends on maximum conversion of solid and liquid wastes to gaseous product gas.
In pyrolysis processes, a portion of the exiting gas may contain condensables that are
light to medium weight oils. If the gas exiting the primary plasma-melter chamber is

30 allowed to cool, liquefaction of a portion of the off-gas may result due to the
condensables present at furnace temperatures. The secondary plasma off-gas

chamber ensures that these oils are converted to noncondensible combustible gases
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45. The waste conversion unit of claim43 or 44, wherein the joul e heat

S configured to maintain the nolten pool in a nolten state. 10 ,
46. The waste conversion unit of claim45, wherein the first and second
pewer supply sources are configured skéh that each is operated without
detri nment al electrical interaction with one another. 15 47. The

wast e conver sFesHltingi in agfenhregesh ragoveqh ef energy fyalugifrom tlpﬁ)w&pmmgowgle source -
is a DC pomernﬁ%qﬁsy source and the second power supply source is an AC
power supply source. 48. A fully integrated arc plasma-joule

heat ed nel ter wast &Wismseesmiaon plasink ,chﬁﬁbaom isgositioned as shown in Figl 1(d&aske
one arc plasma el ectraode; power supply source connected to
the at |east &ecxiting HPeath‘Halé’I @@chd:gamber d%ﬁﬁdm& Hegraise dp teraperamre heforan arc

plasma gengr apfd Re P &RohdiEy lashiBAHhmBOE 367 Gedb@SHR two systems are directly

coupled. This minimizes the overall energy requirements for the cracking and
gasification processes.
In addition to enhanced energy recovery in the gaseous effluent of the arc
plasma melter process, the plasma off-gas chamber 307 further eliminates toxic
10  species that are not destroyed in the prithary furnace chamber. This enhances the
effectiveness of the process to destroy all precursor species such as for the formation
of furans and dioxins. Additionally, when treating volatile and semi-volatile toxic
organics, the secondary plasma chamber can effectively destroy all toxic species.
Because all condensable species exiting the furnace are converted to a combustible
15 gas in the secondary plasma chamber, secondary waste generation is minimized. It
should be appreciated that the plasma off-gas chamber may not always be required,
but may be independently controlled during the process.

DC electrodes 314a and 314b, which are preferably formed of graphite, are
provided within reaction vessel as shown in Figs. 1(a)-1(d). It is preferred to use

20 graphite as electrode material rather than metal since graphite electrodes simplify the
process and have much higher current capability than those used in a metal torch. In
addition, graphite electrodes require less maintenance relative to the frequent tip
replacements of the metal torch systems. Due to the anticipated conditions in the
furnace plenum involving both partial oxidizing environments and conditions promoting

25 the water-gas reaction:

C +H,0 ~ CO + H, at 600-1000°C
there may be unacceptable consumption of graphite without special provisions.
Therefore, graphite electrode(s) 314 is preferably coated with zirconia, silicon carbide,
boron nitride or another protective coating to minimize graphite consumption and

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

material is fed to vessel 302, a highly endothermic reaction occurs requiring
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el ectrode and a nolten pool in the unit is on top of or wwthin the nolten
pool ; 25 a plurality of joule heating el ectrodes; and an
AC power supply source connected to the plurality of joule heating
ekectrodes and configured to provide volurkd-ric joule heating in the nolten

pool ; wherein the DC and AC power supply sources are configured
such that eacdpproximatety 60U WLIRfhrstoh iRutiicigall solidevas@lto bt dontbustibslt efatetial on
wi th one another; and 30 wherein the DC and AC power supply sources

are separ at el # fugl@as and incombpgiblremeteyiakloflagol | ed during operation to
provi de predeterm E@gtr@d@&réie%tr%esaiﬁ may be @eﬁé’g%ﬂﬁ@&h&% ACYPCWRIn 1 N
response to a sens€d process parameter *suc at wast e

\Arrzt erial intradsse302l mf is pidfaredidwdver, 16 utiligesDCaryin vesdel 302 eatisdraipinamda@et al
en

5 arc as the use of a DC arc enhances arc stability and can reduce electrode consumption.
As shown in Fig. 2, the electrode(s) 314 supply arc 344 which contacts feed material
330. One or more additional electrodes 338 may be provided as shown in Figs. 1 or
2 such that negative (-) 340 and positive (+) 342 outputs are formed thereby.

Two types of power supply arrangements suitable for use in the present

10 invention to convert three phase AC power into DC power in order to initiate and
maintain a stable DC arc(s) are shown in Figs. 6(a) and 6(b). As shown in Fig.
6(a), a conventional three phase thyristor bridge type rectifier 200 with a "floating"
or "clamping" diode 212 is illustrated. Secondary transformer winding 204 provides
an AC voltage to thyristors 206a, 206b which rectify first phase 202a. Similarly,

15 secondary transformer winding 204 provides an AC voltage to thyristors 206c, 206d
which rectify second phase 202b while secondary transformer winding 204 provides
an AC voltage to thyristors 206e, 206f which rectify third phase 202c. In this
manner, a rectified phase designated as 208 in Fig. 6(a) is provided across points
210a and 210b.

20 "Clamping” diode 212 is connected between (-) 218 and (+) 220 outputs of
the bridge rectifier. Inductor 214 is connected in series with an ungrounded output
cable between "clamping" diode 212 and vessel 302. Inductor 214 is used to supply
transient voltage frequently required to maintain a stable arc 344 during operation of
vessel 302. The function of "clamping” diode 212 is to provide a path for the

25 current from inductor 214 to flow when the voltage of DC arc 216 exceeds the open
circuit voltage of the rectifier.

Referring now to Fig. 6(b), another conventional circuit 230 to convert three
phase AC power to DC power which is suitable for use in the present invention is
shown. This type of circuit is suitable for use in sustaining a DC arc 344 in vessel

30 302 and is frequently utilized in DC arc welding systems. In the circuit shown in
Fig. 6(b), saturable reactors 232a, 232b and 232c are connected in series with each
of the three AC secondary transformer windings and the three phase diode rectifier
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exposed to the arc plasnma heat and such that the joule heat is configured

to maintain the nolten pool in a nolten state. 5 49. Afully
i ntegrated arc plasma-joule heated nelter waste conversion unit,
cenpri si ng: at | east one transi®r arc plasnma el ectrode;

a DC power supply source connected to the at |east one transfer arc plasma
el ect rode ancbridger athe function jofi sathzableareactors 232as 232 and 232e ds twevarg dhe t he at

25t 1%, 10 GhhaiFng Ly Al odGh el UG i Ak?,

el ectrodes; adidde rectifier, therebfi/préVidin@iemestsidl tain0id @R desited ainddnt! of DOe
plurality of joule heatin el ectrodes and configured to provide

vol unetric j oeHreenkdmarndd4 evenibovgll therarp yoltagermay be vapingsatker BpWb-y sour ce
O 1008 g anegpiary sy yiRRhe 38 4 AR 57 Shovh i Bl i) e
at | east one wepaeideld. IDsHeeAday wiliding204ds wyeh thehahe priha windiag (not ,
secondary wi nding of _the at |east one transfornmer and connected to a first
of the shown in Fig. 6(b)) must be delta or be wye with or without a neutral return.
A "clamping” diode is not necessary in the type of circuit shown in Fig. 6(b)
because the diodes in the bridge rectifier provide this function. Inductor 214 is used
10 to supply the transient arc voltage necessary in order to maintain a stable DC arc in
the vessel.
It is important that either the thyristor type or saturable reactor type of
rectifier have a sufficiently high open current DC voltage to normally exceed the DC
arc voltage. It is also important that either type of power supply must be capable of
15 holding a preset magnitude of DC current while the arc voltage ranges from zero to
at least 90% of normal open circuit rectifier voltage even if the arc voltage is
varying rapidly.
If the arc portion of vessel 302 is powered with AC rather than DC power,
then the saturable reactor type of circuit shown in Fig. 6(b) is preferred since it will
20 provide a greater degree of arc stability than a conventional thyristor type of AC
switch.
Contact with the arc and the specific gravity of metals present in waste
material 330 results in the formation of three phases or layers in vessel 302: a metal
layer, a slag layer and a gaseous layer. The primary mode of operation in vessel
25 302 is pyrolysis. However, bperation in a partial oxidation mode may be required -
to assist in the processing of large quantities of combustible materials.
One configuration of integrated system 300 involves the ﬁse of capacitors 356
and a specific arrangement in the distribution of power. As shown in Fig. 2, a
single phase joule heated arc plasma-melter 302 having a single pair of electrodes
30 314 and 338 for arc 344 is illustrated. Preferably, the joule heated portion of melter
302 utilizes AC power supply 346 while the arc portion of melter 302 utilizes DC
power supply 348.
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20 plurality of the joule heating el ectrodes; and at

| east one saturable reactor connected in series with the at |east one
secondary wi nding of the at |east one transformer and connected to a second
ok the plurality of joule heating el &¥rodes; and wherein
the DC and AC power supply sources are configured such that each 25 is

si mul t aneous| y op€eFhet prtfenredhanbodiment shommnain Eige2tilized the rcombamationrofwthe h one
anot her; and wherei n e and AC power. .suppl our ces, ar.e
Separat ol y arRC and AC poxsERRY PR BRPEHVET MR RRMES IE SRR B
predet er m neqh@ Qg vesSHl or'ielter tank?30% TPwARA wARImRHAE35E & undergdigponse to
a sensed process paraneter such that waste 30 material introduced into the
unit forns a ttratment byi a comversiore prricass, analuding aitrifination. A spegigbeisehitis t he arc
pl asma he?{ ﬁ%@as%:#;&méga&t&[ggxré g{ﬁlrgmfﬁ%t, 338 vgiﬂrﬁﬂe it %ﬂtht f&uﬁ%emiﬂ'g \C the

nol ten po

electrodes 308a, 308b unless special steps are taken to prevent such interaction.

Such interaction can cause failure of the transformers which provide power to the
joule heating electrodes. This circuit allows fully independent control of the arc
plasma and joule heated melter. |

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

15 Accordingly, it is preferred to utilize a DC arc circuit in combination with a joule
heated AC circuit.

DC power supply 348 includes inductor 360, primary winding 362, secondary
windings, 366a, 366b and 366¢ and saturable reactors 364a, 364b and 364c.
Primary winding 362 is preferably deita. Saturable reactors 364a, 364b and 364c

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

If DC current 348 passes through waste material 330 and slag/metal melt
pool 332 having submerged joule heating AC electrodes 308a, 308b connected
directly to the terminals of transformer 352 with no means of blocking the flow of
DC current 348 through the windings of transformer 352, the core of transformer

25 352 saturates. This results in increased current in primary winding 350 of
transformer 352 causing transformer 352 to fail in a very short time period. In
order to simultaneously operate the arc plasma and the joule heated melter in vessel
302, it therefore is necessary to continue to pass AC current 346 through melt pool
332 for joule heating, while simultaneously blocking DC current flow 348.

30 Capacitor 356 is utilized to block DC current 348 and pass AC current 346.

Capacitor 356 preferably is connected in series with each transformer secondary
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50. The fully integrated arc plasma-joul e heated nelter waste conversion

unit of claim49, wherein the DC power supply source is configured to
provi de stabl e operation and conpri ses: at | east one

t ransf ormer having at | east one prinmary wrdking and at |east one 5
secondary w ndi ng; at | east one saturable reactor having a

first end andwindirg 3% incerder tbalpngesthe currenicingeagh of ithe phasesovar aowisig range 'f
bl 4. ty | d . ¥inding o
Che T Ponet or ot lmAt8BEERY cofgliBfic. s BfRbr YRRCRORECA! Lopacitor 8GR "D

the transforner;

i nput t erm natormeeted itd Séconddty Seiading 353, wWhcIDistdodhedtad (5 sadlrable trégtéi 338cast
one AC input term nal connected to the second end ..of the at |east one
saturabl e react or, Figie36) and 360 shewpu cirewit arrapgemesh iigheis suigable for useciaunt er

| ectrode i L : . [ ' ' tyend. nd a
geggnaoeﬁd,s ntﬁg lle'ér%g{ mé/glgtﬁiocn(.)nlnneg%rgaul% tp#g ﬁgy&hgegéc}%éc? %ﬁgpﬁl é\daqr ﬁo% i ée%DC
out put of t heinrEigt 3{a)owhilcoDOnpowet sapplyt3u8 isdilasnetednial Bip. 3()NES sigbuiito t he

at | east one arc plasna el ectrode. .
includgs the inductance of each AC current path in vessel or melter 302 as reflected

2

through the entire AC power system 346, the non-linear resistance of the current
path through melt pool or molten bath 332, the electrode interfaces, the power feed
.10 cables, and secondary windings 372a, 372b and 372c¢ of transformer 376 and the

magnitude of the capacitance of capacitors 370a, 370b and 370c¢ which is connected
as a series element in the joule heating furnace circuit. AC power 346 also includes
primary winding 350, saturable reactors 374a, 374b and 374c¢ and electrodes 368a-
368f. Saturable reactors 374a-374c are connected respectively to secondary

15 windings 372a-372c.

Because the AC current is rarely sinusoidal in a circuit having in series with

a non-linear resistor such as the joule heating furnace circuit, it is possible to excite
several harmonic frequencies other than 60 Hertz, which are superimposed on the 60
Hertz sine wave supplied by the utility company. In this circuit, it is important to

20 account for the non-linear resistance and to specify the electrical components to
achieve adequate damping and therefore stable operation. It is also important that
the voltage, current, and capacitance ratings of the capacitor are such that the series
resonant frequency of the entire system inductance at the furnace electrodes is such
that the lowest value of resistance as seen at these same electrodes when looking into

25 the furnace plus the effective 60 Hertz resistance is equal to or greater than 1.5 and
preferably 2 times greater than the (L/C)"2 where L is the total inductance of the
power system and C is the capacitance of capacitors 370a, 370b and 370c. The total
effective resistance R should be 2 times (L/C)"? , but any resonant rise in current is
negligible if this is 1.5 times (L/C)"2.

30 As shown in Fig. 3(b), DC electrical system 348 may have a power
transformer with a wye or delta secondary winding 384a-384c. Primary winding
382 is preferably delta. As also shown in Fig. 3(b), the power rectifier is preferably
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51. The fully integrated arc plasma-joul e heated nelter waste conversion
unit of claim49 or 50, wherein the unit includes at |east one wall
having a refractory material attached to at |east a portion thereof
ard wherein the at | east one transfer 20 -22¢ plasma el ectrode is
positioned to reduce thermal radiation on the at |east one wall and
the refractory threteqhasel full wave recfifier. The tedtifigr ntiyelsy @ tadentr npoHedrehyjristor e

heated nelter waste conversion upit,, .conprising: 25, . at | east
one transfer 5‘?"&‘%&' as shown i (f&')' Le.,a s‘hc°n‘°°‘§f°uega"§f’“@¥e‘nc‘6@ﬁb &he anode-

electrode;  cathods currert {PEorANRA b5 Bleal SBBFIEE 1 RUIRE ERCbAL. | Arelarib8S!

one transfer arc p aracterized in that a sta
arc pl asma getherztefieromayvbe thiebphase fullasave diode cecdifier evithl the DC elirrentr codierobnd

gomrrglr t SBpB% | %&a&a@@gﬁ%ﬁ%seﬂggctcg 8tf suoc as htli ué[tlha?eéf x% &{6‘2&12&% ihy%i&%r bC
;reggﬁ‘;g: ;TE\I’M Egéléhlggr & udiIBRa! itG8 SmportdTR tiar W AHLARIRreAt floating 47688 be Pliced

across DC output terminals 378a, 378b. It is not necessary to add a DC "floating"

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

rectifier will suffice.

10 For a DC arc furnace, it is preferable to use a three-phase full wave diode

rectifier with saturable reactor control 386a-386¢c. Regardless of which type of

power supply is used, it is important that an inductor is connected in series with the

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

the energy when the furnace conditions are such that the DC arc voltage suddenly

15 increases.

Refractory is utilized to line vessel 302. Refractory may be formed of any
suitable material capable of handling temperatures required to process the waste
material. For example and while not meant to be limiting, vessel 302 and portions of
the refracfory may be formed of ceramic or graphite. If the bottom of the inside of

20 furnace or melter 302 is made of suitable refractory such as ceramic or the like and
is a poor electrical conductor when hot, counter electrode 380 may be formed by
depressing a portion of the floor of furnace 302 between joule heating electrodes
368a-368f and then slightly elevating the molten metal drain tube so that a pool of
metal remains in this depression in the furnace floor even after the metal is drained.

25 This metal may act as a counter electrode 380 for the AC joule heating circuit and
may simultaneously be used as a DC arc circuit electrode.

Metallic furnace bottom electrode 380 may be connected using various
configurations such as that shown'by the circuit diagrams in Fig. 3(b). In any case,
it is preferred to have one or more electrodes through the bottom of the furnace or

30 melter. The electrodes may be graphite or metal. It should be noted that the
circuits in Fig. 3(b) and Fig. 5 respectively include switches 388 and 436 in series

with the electrical connection to metallic electrode 380 and 426. The function of
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40 at | east one saturabl e reactor-hawv-rg—a-ffrst end
and a second end, the first end of the at | eas R@]ﬂ@ﬂﬂﬁN’Etﬂ}l I'JE actor
connected to the at | east one secondary wi ndi np ;

rectification neans having at | east one AC input t =r mi r}a¢ %nd@g and 5
second DC output terminals, the at |east one AC inpu r‘?l rira ted to
t he second end of the at |east one saldirabl e ebctaor,..the- flf DC

out put term nal connected to the at | east onefcounter el ectrode in the
unit; and these switches is to persuit the d¥C omamsm@ogeri*teﬁsferénﬂﬂmmm d@rond

end, the first e onnected.ta the sec ter f the DC out put
of the recti f?%{}%ernxggﬁ%oaﬁ&opﬁgmﬁen g@Sﬁ’de I %@ﬁh@?ﬁ%@ Yto the at | east
one arc plasma el egtth®@PRysical configuration of furnace 302 (shown in Figs. 1-2) is suitable

for the use of two independently positioned controllable electrodes, then the DC arc

5 electrodes and the AC joule heating electrodes may be operated simultaneously with
no detrimental electrical interaction but with beneficial interaction for vitrification of
all types of waste, including hazardous wastes and hospital waste.

The electrode configurations in furnace or vessel 400 shown in the
embodiments of the invehtion in Figs. 4(2) and 4(b) are suitable for use for remote
10 control of installations. Fig. 4 illustrates two sketches showing different plan views
for the furnace construction. Fig. 4(a) shows an elongated construction while Fig.
4(b) shows a round construction. While both configurations can use one, two, or
more solid graphite electrodes, it is preferred to use the elongated configuration with
two electrodes (as shown in Fig. 4(a)), since this design lends itself to two separate
15 small diameter electrode elevating systems, each housed in its own cylindrical
enclosure. Any or all of the joule heating electrodes 402a-402f can be connected to
the series capacitor as counter electrodes 404a-404b for the DC arc system. Joule
heating electrodes 402a-402f may also be connected in series with electrode 406. In
this case, switch 388 is also included as shown in Fig. 3(b). By adjusting the
20 amount of AC current such that its peak value exceeds that value of DC arc current
carried by joule heating electrodes 404a-404f, there will always be a current reversal
which will tend to minimize polarization at these electrodes.
Depending upon the type of waste material being processed, it may be
desirable to connect DC power supply 412 system neutral 438 to AC joule heating
25 electrodes 422a, 422e and 422¢, which are the electrodes connected to AC capacitors _
416a-416¢ respectively and which are used to block DC current flow through the
secondary windings 418a-418c of the transformers as shown in Fig. 5 The
connection of DC power supply 412 and AC power supply 410 is designated in Fig.
§ as line 438. The reason for using this connection is to provide three additional DC
30 counter electrodes closer to the surface of melt pool 332 during warm up of the
furnace so that neutral DC transfer current 428 can flow and assist in stabilizing the

positive (+) and negative (-) DC arcs before the material directly above the counter



at. | east one, wall having a refractory material attached to at |east a

portion thereof, the at | east one transfer arc plasnma el ectrode

positioned to reduce thernal radi ati on on the at | east one wall and

the refractory material; first24-second, third, fourth, fifth

and sixth joule heating el ectrodes; and 15 an AC power Stlcj;g%l y source
B

connect ed t o &leesrgdsiineths dgasth as becomersifficigndy hot to canduetosflicie rieHk
vol unetric joul t] 1D ool , the AC power suppl y
source corrprit i%&gpﬂ’ AMI&&OB%?@H@QFEBnSf ormer nmeans having three

primary w ndi ngs alds hisoSfesirdbd€ anbave threecswitchbs 434s434oihoseyiesvwidh thg Sieutz4l
first, second and third capacitors each respecti velly connected in series

with the firsand electensdgs 4da.t 4A2eand 4236 dn opdas; ta gopgal e magnitude qE the REyand
neans and [ o) C t Pt [ j rd
j oul e heat |5 ngA(e:Iecgl%{%rn égé@f&% e‘l’e%h-é%% %Jﬁ' AC ﬂzﬁl& Sﬁﬁ;ly is?ésat?l?lmsiggi E}glghggnd
third sat ur abpimagewindisg 45 kecondqre ovindingy 428x418¢ echnétied mespectivedy Yo t h t he
first, second and third secandary w ndi ngs of the_transfaqrper

and each r espttyrable tpacters A20a420¢8 o 196 popT supply A2 inclugeg 1nductors 14361123%3
heat i T '
Sour cos are cSHEOMAES windings 4302 430cWHELSY telbecivey 0 Binrbib REackitEista-

wi thout detrid32etal electrical interaction with one

10 Joule heating AC power supply 410 of a glass melt tank provides near
constant melt temperatures throughout the glass tank, thereby minimizing sizing
constraints for the.arc, i.e., arc power, electrode diameter, and the like. The DC
arc is primarily present in the furnace-melter for feed rate enhancement. This makes
this newly configured melter technology more flexible than any other available

. 15 vitrification system. The arc supplies the energy in the unmelted overburden of
incoming feed, and the joule heated portion of the melter system maintains the hot
glass pool to ensure complete dissolution and mixing of the glass mixture.

If the arc technology was used alone, the electrode hearth diameter ratio
would have to be large to ensuré that the contents in the hearth are melted

20 sufficiently not only at the center of the hearth, but also at the walls of the hearth.

. The size of the hearth therefore would be limited due to practical limitations on
electrode diameter. When the hearth or glass tank is joule heated, however, this
limitation no longer exists and the tank can be sized to ensure the residence time is
adequate for complete mixing and dissolution of all glass components.

25 If the melter technology were employed without the arc, the feed rates would
be much lower due to limitations in heat transfer from the melt pool to the unmelted
feed above the molten glass. To accommodate large throughput requirements, the
standard approach is to increase the melt surface area. Accordingly, for a given
processing rate, the joule heated melter would need to be much larger than the |

30 combined arc melt system of the present invention. The present invention utilizes
the benefits of both the DC arc and AC joule heated melter technologies, and does

so in a single optimized system.
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3Q anot her; and wherein the DC and AC power supply sources are

separately and i ndependently controlled during operation to provide
predet ermi ned anmounts of arc plasma heat and joule heat in
response to a sensed process paraneter suchksthat waste mat eri al

i ntroduced into the unit fornms a gas, a vitrifiable slag and netal when

exposed to the arc Mubltiplktarb efctrodet muly be wbéd to dtrt jop wbstart @lsib cbﬁxbﬁiéﬂfsyﬁékhed
to maintain the nolten pool in a nolten state. 5 53. An
i ntegrated ar SUhPBRESHHHE mel] is h@éf&dew%hqa@ngm ke used\iermaigigin s molten bath

during long idling periods. This means that the arc may be initiated immediately in
the transferred mode for start or restart of arc operations.

5 The combination of the arc plasma furnace and joule heated melter in
accordance with the present invention provides a method of quickly heating feed
waste material resulting in higher processing rates for a given sized process. The
fast heating rate also results in the production of a higher quality of pyrolysis gas.
More energy is recovered and there are less pollutants in the gas emissions.

10 Additionally, the joule beated melter of the present invention provides a larger
reservoir with demonstrated mixing to produce a homogeneous glass product with
very high stability. This is beneficial since vitrified glass product is stable over
geologic time frames. See e.g., Buelt ez al., In Situ Vitrification of Transuranic
Wastes: Systems Evaluation and Applications Assessment, PNL-4800 Supplement 1,

15  Pacific Northwest Laboratory, Richland, WA. (1987). Additionally, the present
invention provides further volume reduction through the vitrification of the ash as
compared with that ash that would be generated from incineration alone. See,
Chapman, C., Evaluation of Vitrifying Municipal Incinerator Ash, Ceramic Nuclear
Waste Management IV, Ceramic Transactions, G.G. Wicks, Ed., Vol. 23, pp.223-

.20 231, American Ceramicl Society (1991).

' As discussed above, the present invention provides a method which facilitates
fast pyrolysis. Fast pyrolysis results in a pyrolysis gas having higher purity than
other means of pyrolysis. The high purity gas facilitates use with recently developed
high efficiency small gas turbine technology, thereby significantly incfeasing

25 efficiency as compared with conventional steam turbines and decreasing the unit size
of the turbine required. The DC arc provides a high temperature heat source to
accomplish the fast pyrolysis effectively. Graef, et al., Product Distribution in the
Rapid Pyrolysis of Biomass/Lignin for Production of Acetylene, Biomass as a
Nonfossil Fuel Source, American Chemical Society (1981) have shown that under

30 conditions such as those found in a plasma furnace, municipal solid waste can be

pyrolyzed into a gaseous product as shown in Table 1.
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canpri si ng: at | east one arc plasnma el ectrode; 10 a
first power supply source connected to the at | east one arc plasm

" el ectrode and characterized in that an arc plasma generated between
the at |east one arc plasm el ectrode-28nd a nolten pool in the unit is
on top of or within the nolten pool; ~a plurality of joule

heati ng el ect Mabds]. MBab Composmon fronﬁPymd,yuiuiobMW mlﬂmh)a Bamaee connect ed
to the pIuraI ty ol Joul y S O Jorett o proviage——m
vol unmetric jo{l e heatl ng in the rml en po&iast Pyrolysls wher eNormal Pyrolysis

and second po [ContTgurea_sucn tnat | Our1ng

si mul t aneous per%%fF‘(’—iﬁ,CQIWETSFQW@t ahd second>p@5/%r suppl i s are 4¥par¥i%ly
and i ndeferisefd 1ggs fmmthusmn w t hout det r| mental el efgtrical

interaction Z0 W'
eat ed r%StSmecmst e cohver si (EQSU?WI'PIYéfS | ai niNeanal \Rysekysis

pl asma- j oulde

the second po supply urce Is ap AC power ,supply sourge,
conpri si ng: P ‘“'e 2 least onp transf nrzr% havi ng | east mllg%
primary windifjg and at lggst one secondagyy W ndi ng; PR5 58%, | east

one capaci tor

H, 43% trace
CH, 2% 38%
10 Light HC’s bal bal
HHV (BTU/SCF) ' 350-400 300-350

It is important to note that in comparing normal pyrolysis to that of fast
pyrolysis, a greater fraction of the incoming waste is converted to gas. Thermal or
15 normal pyrolysis promotes liquefaction giving only 45-50% conversion to pyrolysis
gases, while fast pyrolysis has gas yields of greater than 65%. Fast pyrolysis of
municipal waste has been demonstrated using a water cooled, metal plasma torch.
See, Carter, et al., Municipal Solid Waste Feasibility of Gasification with Plasma
Are, Industrial and Environmental Applications of Plasma, Proceedings of the First
20 International EPRI Plasma Symposium (May 1990). In the partial oxidation mode of
operation, the residue from both techniques is oxidized to offset the pyrolysis energy
requirements.
The pyrolysis gases produced in accordance with the present invention are
expected to be well suited for combustion in a state of the art, high efficiency gas
25 turbine generator. With the efficiency of new gas turbine-combined cycle systems
approaching 50%, the present method of waste-to-energy conversion provides an
effective alternative to standard waste incinerators. Under favorable conditions, the
incinerator-steam generator systems achieve 15-20% efficiency in the conversion of
the potential energy contained in the waste to usable electric energy.
30 A prophetic illustrative comparison of the complete waste conversion system
of the present invention to that of standard incinerator-steam generator systems is

summarized in Table 2.
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wi.ndi ng of the transformer and connected to a first of the plurality of the

joule heating el ectrodes; and at | east one saturable
reactor connected in series with the at |east one secondary wi ndi ng of
the transfornmer and connected to a second 87-the plurality of 30 joule
heati ng el ectrodes. -42-
55. The int @gblkt 2d ar Reprtive EnejgyuBalahcestand Nas|Gast Infasmationofer Arsilownaes; t
of cl ai m 53, wher eiand Jnde Heaskd Melter vs (§igrdards Incineeators Steddt Gemerator
supply source. Technol&gy. The integrated arc plasma-joul e heated

nmel ter waste conversion Baid =01 toPMSWi m 55, wherein the DC power supply
source is gonfigured to provide stable

Arc Fumace-Melter Incinerator
Energy requirements to 2.1 x 10° BTU -
operate system
HYV in Incoming MSW 1 x 10" BTU 1 x 10’ BTU
10 Losses 3.1 x 108 BTU 8.8 x 10° BTU
HYV in Exiting Gas 9 x 10% BTU _ -
Efficiency for electrical 0.4 0.15
conversion
Net Energy (Electric 1.5 x 10° BTU 1.5 x 10° BTU
15 Produced)
Value of Electricity 22.00 22.00
($0.05/Kwh) ($)
Disposal Costs including ' 15.00 to 75.00
transportation ($)
20 Net Cost/Income ($) (+) 22.00 (+) 7.00 to (-) 53.00

HV = heat value, MSW = municipal solid waste.
An assumption is made for the comparison of the two technologies, namely
that the glass or slag product produced in the arc furnace of the present invention is
a useful product, although no value has been assignéd to the glass for this
25 comparison. At a minimum, however, this material is a stable nonhazardous
material that can be easily disposed of in any non-hazardous landfill. It is also
assumed that the municipal solid waste (MSW) incinerator employed in a highly
“populated area such as the Northeastern United States produces ash that either must
be shipped to a standard landfill or a hazardous waste landfill. Energy and cost are
30 given per ton of MSW processed based on currently available data.
The energy requirements to operate the system are given in a relative bases,
i.e., the value shown as "energy requirements to operate system" for the arc
furnace-melter is that in excess of what is required for the incinerator. The

incoming heating value of the waste is a composite value from multiple references.
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tr.ansfer arc operation. 57. The integrated arc plasma-joule
heated nelter waste conversion unit of cl ai m 53, wherein the nunber of
arc plasm el ectrodes is two. 10 58. The integrated arc _

plcasma-j oul e heated nelter waste conversi o#8-unit of claim 53, wherein

the nunber of arc plasma electrodes is Eéeater than.two. = 59.
The i nt egr at eSee-§. . Srartarn ey dul Munisinaé Sohd |\Waste HeasibiliyonfGasificstionnwith of 15

The oix | oul o eohaSiek tibhial G4 ERbhr G Ad b RiBln 0 bl Bt tler

suppl y sour cethaRirst tméingtiogsd EPRI Plagm® S@iipdsiumO{MAE1990); RendviableBhérgy- 1 N
the nolten poogl. The Integrated arc plasna-joul e heated

60. :
mel ter waste RQWicaser Buelsand fytergn Jehanssam Editppclstand Rrass, Washington, DGhe
form of ansel qgg3 da C(Iflgm)g'hergy from Waste & Coal, Khan, Editor, American Chemical

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

10  Energy from Waste & Coal, Khan, Editor, American Chemical Society Symposium
Series, American Chemical Society, Washington, D.C. (Aug. 1991, published
1993); and Perry’s, Chemical Engineers’ Handbook, 6th Ed., Ch. 26. The losses
presented in Table 2 are the difference between incoming heat value in the waste
and the energy input minus the net energy out. Losses for the incinerator option are

15 higher due to the inefficiencies of the combination of the boiler and steam generator
as opposed to pyrolysis gas fired turbine generators. See, Perry’s Chemical
Engineers’ Handbook, 6th Ed., Ch. 26. The disposal costs for the ash represent
values obtained from literature and data currently available from waste handling
facilities. See e.g., Recycling and Incineration, Dension, et al., Ed., Island Press,

20 Washington, D.C. (1990). If new rulings and current trends involving the handling
of ash as a hazardous waste continue, the disposal costs would be in the high end of
the range given in Table 2. Under these circumstances, the present invention of
utilizing the arc furnace-melter combination provides an additional advantage over
the prior art.

25 It should be appreciated by those skilled in the art that the specific
embodiments disclosed above may readily be utilized as a basis for modifying or
designing other structures for carrying out the same purpose of the present invention.
It should also be realized by those skilled in the art that such equivalent
constructions do not depart from the spirit and scope of the invention as set forth in

30 the appended claims.
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61. The integrated arc plasma-joul e heated nel ter_gwr@gtrf_ggn,kum t
of claim60, wherein the nunber of arc plasm ectrodes is two

62. The integrated arc plasna-joule heated nelter mr‘m‘m“kmt
ofs cl ai m 60, wher ei n the number of arédpl asma e\m m ter

t han two. The integrated arc plasma-§ o e®hedted nelter

wast e conver s WHATNS C&fAIMED B:aim 61, wherein six joule heating
el ectrodes are positioned in the elongated 30 chanber, the six joule

heati ng el ectrodes each connected to the second power supply source
and configured. t o Amoniegeatathrenplasmasjguieheatdiemtltergwaste tiweversior emit,000l .
comprising: |
5 means for generating an arc plasma on top of or within a molten pool in the
unit; and -

means for providing volumetric joule heating in the molten pool, the means
for generating the arc plasma and the means for providing volumetric joule heating
configured such that each is separately and independently controlled during

10 simultaneous operation in response to a sensed process parameter.

2. A fully integrated arc plasma-joule heated melter waste conversion unit,
comprising:
at least one arc plasma electrode;

15 a first power supply source connected to the at least one arc plasma electrode
and characterized in that an arc plasma generated between the at least one arc plasma
electrode and a molten pool in the unit is on top of or within the molten pool;

a plurality of joule heating electrodes; and
a second power supply source connected to the plurality of joule heating
20 electrodes and configured to provide volumetric joule heating in the molten pool;
wherein the first and second power supply sources are configured such that
each is separately and independently controlled in response to a sensed process

parameter without detrimental electrical interaction with one another.

25 3. The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 2, wherein the second power supply source is an AC power supply source,
comprising:

at least one transformer having at least one primary winding and at least one
secondary winding;

30 at least one capacitor connected in series with the at least one secondary
winding of the transformer and connected to a first of the plurality of the joule

heating electrodes; and
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64. The integrated arc plasnma-joule heated nelter nit
of - claim53, wherein the first power suppl y soumﬂﬂ#ﬂﬂm’"ﬁ“m r
supply source conpri si ng: 38t least orre transfworner avi ng
at: | east one prinmary w ndi ng and at |east 0ne 5 secondary w nding;

at | east one sat ur ghlege ! GaChAiae e obhkciba BGL-R0%ih 3850k L he

first end of one satura react or conne e at
| east one secesvdadary windingi ofcthe gran$foirher dndasrinects@to a second of the plurality of

rectlflcatlontﬂr{lﬁ Es havi n cg@ﬁ | east one AC input termnal and first and
second 10 DC #W&heatng elecrodes. the at | east one AC input terminal connected

to the second end of the at | east one saturable reactor, the first DC
output term nal connected to a counter electrode in the unit; and
an i nduct o6 hévi ngThef fullytintegratetharcoplasmrajoileehehted meltér waste eonversiomenited t o

th .t I he DC out t of the rectification neans and
e second ondiaih 2, oufseein the BRE poe® SeSE 58Hrcf foa 1, PRIVES PPN BT

5. The fully integrated arc plasma-joule heated melter waéte conversion unit of
claim 2, wherein the number of arc plasma electrodes is two.

10
6.  The fully integrated arc plasma-joule heated melter waste conversion unit of

claim 2, wherein the number of arc plasma electrodes is greater than two.

7. The fully integrated arc plasma-joule heated melter waste conversion unit of
15 claim 2, wherein six joule heating electrodes are positioned in the unit, the six joule
heating electrodes each connected to the second power supply source and configured

to provide volumetric joule heating in the moiten pool.

8. The fully integrated arc plasma-joule heated melter waste conversion unit of

20 claim 2, wherein the unit is in the form of an elongated chamber.

9. The fully integrated arc plasma-joule heated melter waste conversion unit of

claim 8, wherein the number of arc plasma electrodes is two.

25 10.  The fully integrated arc plasma-joule heated melter waste conversion unit of

claim 8, wherein the number of arc plasma electrodes is greater than two.

11.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 9, wherein six joule heating electrodes are positioned in the elongated
30 chamber, the six joule heating electrodes each connected to the second power supply

source and configured to provide volumetric joule heating in the molten pool.
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65. The integrated arc plasnma-joul e heated nelten lgg)- uni t
of claim64, wherein the DC power supply souermlﬂumﬂumﬁlﬂFo
provi de stabl e transfer arc operation. 20 . * ¢ L .8 e

i ntegrated arc plasma-joul e heated nelter #ste conversion unit of

claim 53, further including at |east one netal discharge port and at |east
one sl ag 13i scae dullyintegrated are plasmaripwe diepted inaglish vaste qoprersipnyunit ofy5

of | clai neu 7 REfin U B ol SullIP Gl DC PRREE SR SRRLET T o
68

to a bottom compsisingace of the unit. The integrated
arc plasma-joule heated nelter waste conversion unit of ?,O,CIarimm?’F

66,
wherein the slag dibleasige tnsformer Bayag ap least9ns RHMATY VIIREING 3 J8ast A8F e

relative t@ acsi Wdfe: of the unit and wherein the slag discharge port
IS positi o(r?edseqdoqﬂarzboveﬁ%’ bottom surface of the unit and bel ow a surface

of the nolten pool at least one saturable reactor having a first end and a second end, the first

end of the at least one saturable reactor connected to the at least one secondary
winding of the transformer;

rectification means having at least one AC input terminal and first and second

10 DC output terminals, the at least one AC input terminal connected to the second end

of the at least one saturable reactor, the first DC output terminal connected to a
counter electrode in the unit; and

an inductor having a first end and a second end, the first end connected to the
second terminal of the DC output of the rectification means and the second end

15 connected to the at least one arc plasma electrode.

13.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 2, further including at least one metal discharge port and at least one slag
discharge port in predetermined positions in the unit.

20
14.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 13, wherein the metal discharge port is positioned proximate to a bottom

surface of the unit.

25 15.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 13, wherein the slag discharge port extends upwardly at a predetermined angle
relative to a side surface of the unit and wherein the slag discharge port is positioned

above a bottom surface of the unit and below a surface of the molten pool.

30 16. The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 15, further including an auxiliary heating chamber attached to the slag

discharge port.
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69. The integrated arc plasma-joul e heated nel ter%r@’converm onunit

of . claim68, further including an auxili ary h ,”'MJUMt ached
to the slag di scharge port. 5 ' ted arc

plkasma-joul e heated nelter waste conversi o2 unit of cI al'm 53, *wherein

the at | east one arc plasma electrode is a graph| te el ectrode.
71.  The i nt EGr at Ehe Silly ipregsated prouplasma-iaudel heated meltor waste conveassion amitfi t

of claim 2, wherein the at least one arc plasma electrode is a graphite electrode.

18.  The fully integrated arc plasma-joule heated melter waste conversion unit of

5 claim 17, wherein the at least one arc plasma electrode includes a protective coating.

19.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 2, further including a plurality of inductive heating and/or mixing coils in a
predetermined position relative to the unit.

10
20.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 2, wherein the plurality of joule heating electrodes are positioned at

predetermined distances from a bottom surface of the unit.

15 21. A system for converting waste material to useful energy and/or solid product,
the system comprising:
a fully integrated arc plasma-joule heated melter waste conversion unit, the
unit comprising: |
() at least one arc plasma electrode; _

20 (b)  a first power supply source connected to the at least one arc
plasma electrode and characterizéd in that an arc plasma generated between
the at least one arc plasma electrode and a molten pool in the unit is on top
of or within the molten pool;

(©) a plurality of joule heating electrodes;

25 (d)  asecond power supply source connected to the plurality of
joule heating electrodes and configured to provide volumetric joule heating in
the molten pool;

wherein the first and second power supply sources are configured such
that each is separately and independently controlled in response to a sensed

30 process parameter without detrimental electrical interaction with one another;

(e) a first discharge port positioned to discharge gases from the unit;
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10 claim 70, wherein the at |east one arc plasma el ectrode i ncludes—a
protective coating. 72. The int egragmuﬁ”mu" gpul e
heated nelter waste conversion unit of cl ai m S3HRTHRIFAR! ”Iﬂl ng a

plurality of inductive heating and/or mxing coils in a "pr &det er m ned
position relative to the unit. 15 73 The integrated arc
pl asma-j oul e heated nelter waste conversiom unit of claim53, wherein

the plurality of joule heating, el ectrodes are positi.oned at

predet ermi ned di st anceggfarst?ﬁ?'gl E‘S‘E E‘Eﬁtﬂ’gé‘gog?dsprfbs ge metab ffom the 7,
A system for convgpii gy Waste material to useful energy and/or solid
product, the system conpri sing: an integrated arc plasna-joul e

heated melter waste cofigea thiwhdisciiarge pdre positioned to disohaygei slagnfyom the unit;
ot b2t o2 L Sl BB o g, wate conversigh b sol B
and char agt epip&sl lafer, Ralagfyér sndPd 8aEBuIFIRE M AFmeE iNeR udifie at
a gas clean-up unit attached to the unit, the gas clean-up unit configured to
separate the gases discharged from the unit into fuel gas and particulate matter;
a gas turbine electricity generating unit attached to thé clean-up unit, the gas
turbine electricity generating unit configured to utilize the fuel gas from the clean-up
10 unit to produce electricity; and
means for introducing a predetermined amount of auxiliary fuel at a

predetermined rate into the gas turbine electricity generating unit.

22.  The waste conversion system of claim 21, wherein the auxiliary fuel is

15 heating oil, diesel fuel or natural gas.

23.  The waste conversion system of claim 21, wherein the gas turbine electricity

generating unit is replaced by an internal combustion engine-generator unit.

20 24. The waste conversion system of claim 23, wherein the auxiliary fuel is
heating oil, diesel fuel or natural gas.

25.  The waste conversion system of claim 21, wherein the first power supply
source is a DC power supply source comprising:

25 at least one transformer having at least one primary winding and at least one
secondary winding;

at least one saturable reactor having a first end and a second end, the first

end of the at least one saturable reactor connected to the at least one secondary
winding of the trahsformer;

30 rectification means having at least one AC input terminal and first and second

DC output terminals, the at least one AC input terminal connected to the second end

ey v
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| east one arc plasna el ectrode and a nolten pool Is on top of
or within the nolten pool; ”""E !!m ty of
joul e heating el ectrodes; 30 (d) suppl y
sQurce connected to the plurality of Joule heat i ng el ectrodes and

confi gured tOoP Eh%vz{tqgasygh%fa'bfe eﬁ&lofl rg?ﬁ%ﬂtﬁcsec%&f}ermmal SBink&Bd R9]!

-45- ower supp y sources
are confi gur edowitéhelectrodeniatthéluhitpgndsi mul t aneous operation, the first and
second power supplies are
an inductor having a first end and a second end, the first end connected to the
second terminal of the DC output of the rectification means and the second end

5 connected to the at least one arc plasma electrode.

26.  The waste conversion system of claim 21, wherein the second power supply
source is an AC power supply source, comprising:
at least one transformer having at least one primary winding and at least one
10 secondary winding;
at least one capacitor connected in series with the secondary winding of the
transformer and connected to a first of the plurality of the joule heating electrodes;
and |
at least one saturable reactor connected in series with the secondary winding
15 of the transformer and connected to a second of the plurality of joule heating

electrodes.

27.  The waste conversion system of claim 26, wherein the first power supply

source is a DC power supply source.

20
28.  The waste conversion system of claim 27, wherein the DC power supply
source comprises:
at least one transformer having at least one primary winding and at least one
. secondary winding;
25 at least one saturable reactor having a first end and a second end, the first

end of the at least one saturable reactor connected to the at least one secondary
winding of the transformer; '
rectification means having at least one AC input terminal and first and second
DC output terminals, the at least one AC input terminal connected to the second end
30 of the at least one saturable reactor, the first DC output terminal connected to a

counter electrode in the unit; and
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separately and i ndependently controlled without detj Leel ectrical
interaction with one another; 5 : Immm "ﬂ#ﬁim hal
* L M S * (f) a

rge
port positioned to discharge gases fromthgounit; ¥ ¢

second di scharge port positioned to discharge netal fromthe

uni t; and . ) hi rd _di schar.ge .pqrt sitioned

di scharge slag fr offt fnr‘ilé‘cﬁf?ﬁ |hfw{“g a EISE énd anéi ﬁgg(f%xd?e&p, e%ﬁ%ﬁami ﬁ%n%tgﬁlgo the
material int osdcbfid Vel @FINE DT Slitputndft the Wedtifichfidn hiéads ARf e seédt@enda S| ag

| ayer and a gaseous phase is formed in the unit; a gas cl ean-up
uni t attachedcanyeetad tq ther at leass oge arccplasma glsciede: configured to.

separate the gases discharged fromthe unit into fuel gas and particul ate
matter; a gas turbine electricity generating unit attached to .
the cl ean-8p 20 t, Théwvagtreconversiohystemeofadigiat 21,clukthey feciidig Mmoleastiohe metal

configured to utilize the fuel gas fromthe clean-up 15 unit to, produce
el ectricity; @iseharge port and at legstone slag dischargsypert Ay PEedstcEmined Rositions ihihent

of auxiliary %félmat a predeterm ned rate into the gas turbine
electricity generating unit. 75. The waste conversion
system of claim 74, wherein the auxiliary fuel is 20 heating oil, diesel

fuel or natur . . . . .
f&. ga’f'he waste conversion system of claim 29, wherein the metal discharge port is

10 positioned proximate to a bottom surface of the unit.

31.  The waste conversion system of claim 29, wherein the slag discharge port
extends upwardly at a predetermined angle relative to a side surface of the unit and
wherein the slag discharge port is positioned above a bottom surface of the unit and

15 below a surface of the molten pool.

32.  The waste conversion system of claim 31, further including an auxiliary

heating chamber attached to the slag discharge port.

20 33.  The waste conversion system of claim 21, wherein the unit is in the form of

an elongated chamber.

34.  The waste conversion system of claim 21, wherein the number of arc plasma
electrodes is two.

25 _
35.  The waste conversion system of claim 21, wherein the number of arc plasma

electrodes is greater than two.

36. The waste conversion system of claim 21, wherein six joule heating
30 electrodes are positioned in the unit, the six joule heating electrodes each connected
to the second power supply source and configured to provide volumetric joule

heating in the molten pool. :

e T P R
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76. The waste conversion systemof claim 74, wh E bi ne
electricity generating unit is replaced by an I nt mm’r"m mmm nJllll

engi ne- gener at or unit. 25 -3d-/. he fast e *coriversi on
system of claim 76, wherein the auxiliary fuel i s heating oil, diesel

fuel or naturgj Qgagnhe waste conversion gZ@m of diflitn PRSwRereRNhe a8 st éﬁésﬁx‘é"ﬁl&fma
claim 74, wherein the first power 30 supply source is a DC power- supply

sour ce conpr i eleetgode is a graphite eleetrodecast one transforner having at | east one
primary wi nding and at | east one secondary w ndi ng;
38.  The waste conversion system of claim 37, wherein the at least one arc plasma

5 electrode includes a protective coating.

39.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 4, wherein the DC power supply source is configured to provide stable
transfer arc operation.

10
40.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 12, wherein the DC power supply source is configured to provide stable

transfer arc operation.

15 41. The waste conversion system of claim 25, wherein the DC power supply

source is configured to provide stable transfer arc operation.

42.  The waste conversion system of claim 28, wherein the DC power supply
source is configured to provide stable transfer arc operation.
20
~ 43. A fully integrated arc plasma-joule heated melter waste conversion unit;
comprising:
at least one arc plasma electrode;
a first power supply source connected to the at least one arc plasma electrode
25 and characterized in that an arc plasma generated between the at least one arc plasma
electrode and a molten pool in the unit is on top of or within the molten pool;
a plurality of joule heating electrodes; and
a second power supply source connected to the plurality of joule heating
electrodes and configured to provide volumetric joule heating in the molten pool;
30 wherein the first and second power supply sources are configured such that

each is separately and independently controlled during operation to provide
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- 46- at | east one saturable reactor st en and a
second end, the first end of the at |east one 3mli Iwu “ lmﬂ t '
connected to the at | east one secondary nd| nmer ;
rectification means having at |east one AC | nput terninal and first and

o the second Eaiprerhibed s bF i bpsi Rear 3B 10l AL RIOTM R BRBRE L

out put term ne;irommpmmedarto a counter electrode in the unit; and

an inductor having a first end and a second end, the first end connected to
t he second term nal of the DC output of the rectification neans and
the second en £fod Gyt in R AR RaRHEC ik d@6ced

79. The vvas?‘g conversf‘\%ng%ystrgé'%?légirt Fal m 7% v%%grgl n the DC power we
supply sourxe int® themhitfarmesa tgas,pr vitrifisble tshaigl andtmetalsWhen exposeap ey thiei ane plasma

heating.

45.  The waste conversion unit of claim 43 or 44, wherein the joule heat is
configured to maintain the molten pool in a molten state. '

10
46.  The waste conversion unit of claim 45, wherein the first and second power
supply sources are‘ configured such that each is operated without detrimental

electrical interaction with one another.

15 47. The waste conversion unit of claim 46, wherein the first power supply source
is a DC power supply source and the second power supply source is an AC power

supply source.

48. A fully integrated arc plasma-joule heated melter waste conversion unit,
20 comprising:

at léast one arc plasma electrode;

a DC power supply source connected to the at least one arc plasma electrode
and characterized in that an arc plasma generated between the at least one arc plasma
electrode and a molten pool in the unit is on top of or within the molten pool;

25 a plurality of joule heating electrodes; and '

an AC power supply source connected to the plurality of joule heating
electrodes and configured to provide volumetric joule heating in the molten pool;'

wherein the DC and AC power supply sources are configured such that each
is operated without detrimental electrical interaction with one another; and

30 wherein the DC and AC power supply sources are separately and
independently controlled during operation to provide predetermined amounts of arc

plasma heat and joule heat in response to a sensed process parameter such that waste
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15 80. The waste conversion system of cl ai l‘E“ Hme second
power supply source is an AC power supply sourH“mHlmm A,

at | east one transforner having at |east oiae pri mary*w hdi'ng "and ai | east
one secondary w ndi ng; af”T east one capacitor connected in

ErLeor  he Braal Pt g bl a oot SHRPBHESI MR RgRISRLE” (O @
at | east one eg@bt P Be raf'@gfaﬁﬁa GEeNRAtaeh ihe UV joRfe Méat ik é&ﬂ’lgﬁﬁﬁ%‘iﬁiiﬁtain

wi ndi ng e transforner and connected to a second of the plurality
of joul e heatthagnolten pool éta multes. staRé 81. The waste conversion
system of claim80, wherein the first power supply source is a DC
power supply source. 82. The waste conversion system of

|C| ai m 81, mheqgein Afmuﬁ%t_eg&m 30 pHadpRlivueticara sl WaRSconversion unit,  at
east one transformer having at |east one primary w nding and at | east one
comprising:
at least one transfer arc plasma electrode;
a DC power supply source connected to the at least one transfer arc plasma
electrode and characterized in that an arc plasma generated between the at léast one
10 arc plasma electrode and a molten pool in the unit is on top of or within the molten
pool;
a plurality of joule heating electrodes; and
an AC power supply source connected to the plurality of joule heating
electrodes and configured to provide volumetric joule heating in the molten pool, the
15 AC power supply source comprising:
at least one transformer having at least one primary winding and at
least one secondary winding;
at least one capacitor connected in series with the at least one
secondary winding of the at least one transformer and connected to a first of the
20 plurality of the joule heating electrodes; and _
at least one saturable reactor connected in series with the at least one
secondary winding of the at least one transformer and connected to a second of the
plurality of joule heating electrodes; and
wherein the DC and AC power supply. sources are configured such that each
25 is simultaneously operated without detrimental electrical interaction with one
another; and
wherein the DC and AC power supply sources are separately and
independently controlled during operation to provide predetermined amounts of arc
plasma heat and joule heat in response to a sensed process parameter such that waste
30 material introduced into the unit forms a gas, a vitrifiable slag and metal when
exposed to the arc plasma heat and such that the joule heat is configured to maintain

the molten pool in a molten state.
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secondary wi ndi ng; at Ieast o} tor
having a first end and a second end, the first Zma“ﬂﬂmmwm east one

saturabl e reactor connected to the at Iea one swinding o
t he transfornmer; rectlflcatlo means haV| ng at | east one AC

I nput termn t and ond ) t st
one AC i nput er mdﬁm ﬁ‘@@fr}ﬂ@gf 5 Rlﬁg)%gycbenféeagqﬁdm%ﬁer%gﬁé ? pave Psﬁorférgg t% ﬁone
saturabl e reagdigi 49 t»bﬁer&ixm& D€ powep wipplE shiirodlis estifipacdded provide stable count er
electrode in the unit; and an inductor having a first end and a

second end, tomrwtiomndmmemect ed to the second term nal of the DC
output of the rect 'tflc:lsasf1 51'199 E}aﬁf&gx%erat&q r}ghz?t 185 9hd pﬁﬂﬁry winding and at least one

5 secondary winding;

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

rectification means having at least one AC input terminal and first and second

10 DC output terminals, the at least one AC input terminal connected to the second end

of the at least one saturable reactor, the first DC output terminal connected to a
counter electrode iI_‘l the unit; and

an inductor having a first end and a second end, the first end connected to the
second terminal of the DC output of the rectification means and the second end

15 connected to the at least one arc plasma electrode.

51.  The fully integrated arc plasma-joule heated melter waste conversion unit of
claim 49 or 50, wherein the unit includes at least one wall having a refractory
material attached to at least a portion thereof and wherein the at least one transfer

20 arc plasma electrode is positioned to reduce thermal radiation on the at least one wall

and the refractory material.

52. A fully integrated arc plasma-joule heated melter waste conversion unit,
comprising:
25 at least one transfer arc plasma electrode;

at least one counter electrode;

a DC power supply source connected to the at least one transfer arc plasma
electrode and characterized in that a stable arc plasma generated between the at least
one arc plasma electrode and a molten pool in the unit is on top of or within the

30 molten pool, the DC power supply source comprising:
at least one transformer having at least one primary winding and at

least one secondary winding;
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10 connected to the at | east one arc plasm el . C LT 83.
The waste conversion system of clai m 81, \Aherewm:fm}!ﬁ&” supply
source is configured to provide stable transfe[ f@arc operation. 15

84. The waste conversion system of claim 74,|fLrZ@JULn98ding at | east
one netal discharge port and at 1| east ong4§_l ag| d} scharge port i

predet er m ned t ]E)os: ti on§4i n the system 385. The waste
conversion system of c m 84, enein t Ig]rﬁi's?'%ﬂl LA %Q:mir i
posi ti oned proximte tﬁtai(iaﬁ&“f’é\é{']‘&ﬁ? 5??8&31'1{;?“1 unrt. énd’@?.

The waste CORYRIepH AT the ai RASt One GhtatdBld foactoh bficetedto the apledstsoneasecsndary
port extends upwardly at a predeterm ned angle relative to a side surface

of the unit windingpefthenisansformere sl ag di scharge port is positioned above a
bottom surface of the Y& ffication means having at least one AC input terminal and first and

5 second DC output terminals, the at least one AC input terminal connected to the
second end of the at least one saturable reactor, the first DC output terminal
connected to the at least one counter electrode in the unit; and

an inductor having a first end and a second end, the first end
connected to the second terminal of the DC output of the rectification means and the

10 second end connected to the at least one arc plasma electrode;

at least one; wall having a refractory material attached to at least a portion
thereof, the at least one transfer arc plasma electrode positioned to reduce thermal
radiation on the at least one wall and the refractory material;

first, second, third, fourth, fifth and sixth joule heating electrodes; and

15 an AC power supply source connected to the joule heating electrodes and
configured to provide volumetric joule heating in the molten pool, the AC power
supply source comprising:

transformer means having three primary windings and first, second
and third secondary windings;

20 * first, second and third capacitors each respectively connected in series
with the first, second and third secondary windings of the transformer means and
each respectively connected to the first, second and third joule heating electrodes;
and

first, second and third saturable reactors each respectively connected

25 in series with the first, second and third secondary windings of the transformer
means and each respectively connected to the fourth, fifth and sixth joule heating
electrodes;

wherein the DC and AC power supply sources are configured such that each
is simultaneously operated without detrimental electrical interaction with one

30 another; and

wherein &e DC and AC power supply sources are separately and

independently controlled during operation to provide predetermined amounts of arc
_ [

' ) W



25 and below a surface of the nolten pool

conversi on systemof claim86, further i ncI udi ng a ,","”"I mﬂlullt ull;uvgzt |eng

chanber attached to the slag discharge portsy
conversion systemof claim74, wherein the un|t |s in the %orm of an

el ongated cha

50 The waotALEh e 264 Joos beat IR SFSPOPS 19 % §onse BRSPS RTmeic such thpe e

pl asma el ect r afserialsintroduced into the unit forms a gas, a vitrifiable slag and metal when
exposed to the arc plasma heat and such that the joule heat is configured to maintain

the molten pool in a molten state.

5
53.  An integrated arc plasma-joule heated melter waste conversion unit,
comprising:
at least one arc plasma electrode;
10 a first power supply source connected to the at least one arc plasma electrode

and characterized in that an arc plasma generated between the at least one arc plasma
electrode and a molten pool in the unit is on top of or within the molten pool;
a plurality of joule heating electrodes; and
a second power supply source connected to the plurahty of joule heating
15 electrodes and configured to provide volumetric joule heating in the molten pool;
wherein the first and second power supply sources are configured such that
during simultaneous operation, the first and second power supplies are separately and

independently controlled without detrimental electrical interaction with one another.

20 54.  The integrated arc plasma-joule heated melter waste conversion unit of
claim 53, wherein the second power supply source is an AC power supply source,
comprising:

at least one transformer having at least one primary winding ﬁnd at least one
secondary winding;

25 at least one capacitor connected in series with the at least one secondary
winding of the transformer and connected to a first of the plurality of the joule
heating electrodes; and

at least one saturable reactot connected in series with the at least one
secondary winding of the transformer and connected to a second of the plurality of

30 joule heating electrodes.
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90. The waste conversion system of claim 74, wherei er of arc 5
plasma el ectrodes is greater than two. jjﬂu!mmﬂ ﬂﬂﬂL
conversi on systemof claim74, wherein six, joule he i Modes

ate positioned in the unit, the six joul e"#e'ati ng el ectrodes each .connected

to the second power_sup .source and, conf.igured to provide volunetric
joule 10 heating P th gfb‘?‘?@ﬁte 5% plasma-_]ovﬂe heated medisr Wasig, CONYersion unit of

conver si on syghemsaf whki rsé‘g@&&i ﬁhgbﬂeso%}cé %gaSD &' supply souRleasna

electrode is a graphite electro he mas?e conver si on
system of claim 92, wherein the at |east one arc pl asma el ectrode

i ncludes a pr (_)t ect Bg.e C’f‘ﬁcte Iirrl-hg.’g'rated arc plasma-joule heated melter waste conversion unit of
5 claim 55, wherein the DC power supply source is configured to provide stable

transfer arc operation.

57.  The integrated arc plasma-joule heated melter waste conversion unit of
claim 53, wherein the number of arc plasma electrodes is two.
10
58.  The integrated arc plasma-joule heated melter waste conversion unit of

claim 53, wherein the number of arc plasma electrodes is greater than two.

59.  The integrated arc plasma-joule heated melter waste conversion unit of
15 claim 53, wherein six joule heating electrodes are positioned in the unit, the six joule
heating electrodes each connected to the second power supply source and configured

to provide volumetric joule heating in the molten pool.

60. The integrated arc plasma-joule heated melter waste conversion unit of

20 claim 53, wherein the unit is in the form of an elongated chamber.

61.  The integrated arc plasma-joule heated melter waste conversion unit of

claim 60, wherein the number of arc plasma electrodes is two.

25 62.  The integrated arc plasma-joule heated melter waste conversion unit of

claim 60, wherein the number of arc plasma electrodes is greater than two.

63.  The integrated arc plasma-joule heated melter waste conversion unit of
claim 61, wherein six joule heating electrodes are positioned in the elongated
30 chamber, the six joule heating electrodes each connected to the second power supply

source and configured to provide volumetric joule heating in the molten pool.
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94. An integrated arc plasma-joul e heated rrelter lon unit,
conprising: 20 at | east one arc plasna el ecl m‘ Ijim , a
first power supply source connected to th at | eas

el-ectrode and characterized in that ar? arc plasma generat ed bet ween

the at |east one : theﬁ%ﬁqeéﬁatg%%ceﬁl%rﬁg?ou{i‘gHeaQeMethp\a@&? coh mQﬁ uﬁﬂiotf I's

on top of or wthi

heating el ectqififies3, whéteiddthe first power SREPIR GoRRGES aSDQFﬂoWesQuppl? somaect ed to
the plurality of | oul e heati ng el ectrodes and configured to provide

vol unetric j OMPIEEEi ng in the nolten pool ; wherein the first

and second power :
separately and inaéeiggdngeﬁf%ﬁsgon roﬁgg-%f%gﬁsﬁgnépﬁﬂ]a%gﬁé%ﬂggggggg
provi de prdekecsndanedimdimgint s of arc plasma heat and joul e heat.

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

rectification means having at least one AC input terminal and first and second

10 DC output terminals, the at least one AC input terminal connected to the second end

of the at least one saturable reactor, the first DC output terminal connected to a
counter electrode m the unit; and

an inductor havmg a first end and a second end, the first end connected to the
second terminal of the DC output of the rectification means and the second end

15 connected to the at least one arc plasma electrode.

65.  The integrated arc plasma-joule heated melter waste conversion unit of
claim 64, wherein the DC power supply source is configured to provide stable
transfer arc operation.

20 _

66.  The integrated arc plasma-joule heated melter waste conversion unit of

claim 53, further including at least one metal discharge port and at least one slag

discharge port in predetermined positions in the unit.

25 67. The integrated arc plasma-joule heated melter waste conversion unit of
claim 66, wherein the metal discharge port is positioned proximate to a bottom
surface of the unit.

68.  The integrated arc plasma-joule heated melter waste conversion unit of
30 claim 66, wherein the slag discharge port extends upwardly at a predetermined angle
relative to a side surface of the unit and wherein the slag discharge port is positioned

above a bottom surface of the unit and below a surface of the molten pool.
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9?. The waste conversion unit of claim 94, whereg
I ntroduced into the unit forns a gas, a wtnhablHIﬁ!Emmﬂﬂm :;mWnen
exposed to the arc plasm heating.

conversion unit of claim94 or 95, wherein the joule heat is

configured to mainigin tﬁl@o@é\ta mﬂg?laﬁe@gﬁ?ﬁ Eeg mélfdr8vaste conversion unit of /-

The waste conversion unit first and second

power supply shimasss fartkercaciiidipgrancauxiliany theatingechambes atianbed te thenslagiout
detrinmental 10, e]ectrical interaction with one another. 98.
The waste con$FBERPARit of claim 97, wherein the first power supply
source is a DC power supply source and t he second power supply source is an

AC
5 70.  The fully integrated arc plasma-joule heated melter waste conversion

" unit of claim 53, wherein the at least one arc plasma electrode is a graphite

‘electrode.

71.  The integrated arc plasma-joule heated melter waste conversion unit of

10 claim 70, wherein the at least one arc plasma electrode includes a protective coating.

72.  The integrated arc plasma-joule heated melter waste conversion unit of
claim 53, further including a plurality of inductive heating and/or mixing coils in a
predetermined position relative to the unit.

15
73.  The integrated arc plasma-joule heated melter waste conversion unit of

claim 53, wherein the plurality of joule heating electrodes are positioned at

predetermined distances from a bottom surface of the unit.

20 74. A system for converting waste material to useful energy and/or solid
product, the system comprising: |
an integrated arc plasma-joule heated melter waste conversion unit, the unit
comprising: |
(a) at least one arc plasma électrode;

25 (b)  a first power supply source connected to the at least one arc
plasma electrode and characterized in that an arc plasma genérated between the at
least one arc plasma electrode and a molten pool in the unit is'on top of or ‘within
the molten pool; _

(©) a plurality of joule heating electrodes;

30 (d)  asecond power supply source connected to the plurality of '

joule heating electrodes and configured to provide volumetric joule heating in the

molten pool;
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power supply source. 15 99. An i nt egr ated—arec—plasrwa—joute

heated nel ter waste conversion unit, conpri si ng: I east
one arc plasna el ectrode; a DC power supju“u H“M IH‘!‘!RE‘ ed to
the at | east one arc plasma el ectrode 20 and charact L arc
pl asma gener ated between the at | east one grc pl asma el ectrode and a

nolten pool in the unit is on top of or wthin the nolten pool ;

a plurality of joule heating elfct rodes; and an AC_power, SLﬁ)p| y
sou][ ce cognect ed to thavhsreiq the fixst grd F‘?S’GP&PH@’SE sypply sourcey g GOBHEWred SHC
configured t rovi.de. rdoerdtioll! the Gt L | ; ;25
wherein the &f?gﬁﬁhg%%@%rg&%udﬁ%ﬁgﬁgbm ces{ gélgsidgﬁé?gﬁgﬁ@&gﬁa?hat each

I s operated épabatety adtindependently ddoatrbiléd withoutt detimentah elactricalonteraction with

and - wherein the DC and AC power supply sources are separately
and i ndepeaBethen:y control | ed during operation to provide predeternined
amounts ofs arc Pl 3P ;A% WiscRiige IpBHt! posiifmbd $¢'ARcALE gHRS onTMSHnie

i ntroduced into the unit" fornms a 3 as,” a vitrifiable slgag and netal when

exposed to the arc pl agfyea seeand dischasge: port [pasitioned to: dischargs metab from the
configured to nai rllltmatign&he nolten pool in a nolten state.

e

(g) a third discharge port positioned to discharge slag from the unit;
means for feeding the waste material into the waste conversion unit such that
10 a metal layer, a slag layer and a gaseous phase is formed in the unit;
a gas Clean-up unit attached to the unit, the gas clean-up unit configured to.
separate the gases discharged from the unit into fuel gas and particulate matter;
a gas turbine electricity generating unit attached to the clean-up unit, the gas
turbine electricity generating unit configured to utilize the fuel gas from the clean-up

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

predetermined rate into the gas turbine electricity generating unit.

75.  The waste conversion -system of claim 74, wherein the auxiliary fuel is

20 heating oil, diesel fuel or natural gas.

76.  The waste conversion system of claim 74, wherein the gas turbine
electricity generating unit is replaced by an internal cbmbustion engine-generator
unit.

25
77.  The waste conversion system of claim 76, wherein the auxiliary fuel is

heating oil, diesel fuel or natural gas.

78.  The waste conversion system of claim 74, wherein the first power

30 supply source is a DC power supply source comprising:

at least one transformer having at least one primary winding and at least one

secondary winding; REPLACEMENT SHEET
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- 50- 100. An integrated arc pl asma JOU| e he wast e
cdnversion unit, conpri si ng: “\m arc

pl asma el ect rode; a DC power 6opl y so o the at

| gast one transfer arc pl asrra 5 eI ectro “and characferized in that an
arc plasma generated between R I ode and
a mol ten pool in t¥Hdeshope ,sgtu EFBCtBF %Gymgﬁatﬂgshelgqjgmﬁg sf%%gaen% ﬁ}fo@fg

a plurality ofpd Ging 'E'?é&&x{ f‘a heableGeRSor Sdtthected to the at leasBBnd\SecdaEy Suppl y
source connect ed to t e plurality of joule heating 10 el ectrodes and

confi gured towpding ofthedransformer; j oul e heating in the nolten pool, the
AC power supply sourg

transforner havi ngreﬁflﬁfaéggtmmq%”%)}ew RO ﬁ& inpyt tefﬁ hnal 882 firt"45d second

5 DC output terminals, the at least one AC input terminal connected to the second end
of the at least one saturéble reactor, the first DC output terminal connected to a
counter electrode in the unit; and

an inductor having a first end and a second end, the first end connected to the
second terminal of the DC output of the rectification means and the second end

10 connected to the at least one arc plasma electrode.

79. The Wwaste conversion system of claim 78, wherein the DC power

supply source is configured to provide stable transfer arc operation.

15 80. The waste conversion system of claim 74, wherein the second power
supply source is an AC power supply source, comprising:
at least one transformer having at least one primary winding and at least one
secondary winding;
at least one capacitor connected in series with the secondary winding of the
20 transformer and connected to a first of the plurality of the joule heating electrodes;
and
at least one saturable reactor connected in series with the secondary winding
of the transformer and connected to a second of the plurality of joule heating
electrodes.
25
81.  The waste conversion system of claim 80, wherein the first power

supply source is a DC power supply source.

82.  The waste conversion system of claim 81, wherein the DC power
30 supply source comprises:
at least one transformer having at least one primary winding and at least one

secondary winding;
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| east one secondary wi nding; ~at least one capacitor
cBnnected in series with the at | east one 15 s m“ﬂ“'“mm |I[ﬂ f the at
| east one transforner and connected to a first gﬂ ity of the
joul e heating el ectrodes; and -47- . nt | edst "ond shturable
reactor connected in series wwth the at | east_ one 1 ndi

- SESRRLAL ' no of

the at |east one tatdenst oneiaurablg reaftofchaving adirst endcanda cop

plurality of Jqulee, DgathA%ne!sGhiHd foictR MnAled to the aMKAEEoE debgndafy and AC
power supply 'sources are configured such that each I s simultaneously
oper at ed wi t heintlingesfrthentrahsformérect ri cal interaction with one anot her;

and wherein the DC and AC power s | v sour.c r.at

and i ndepend dREHNCALEH MBS gﬂv 8%t %@%%gep%ﬁu&tsmb%eé?@ﬁﬁf §§§§§°r° %ed
anount s 0fs arsc Rl eifinl6 e 40 feabCoHLATSRbuS il ddnrisered o MRS Rc0md end

i ntroduced into the unit forns a gas, a vitrifiable slag and net al
when exposed dfah¢ htleastoone| sasmablé eeactonn thesfirsh DG qutput terminab cprpectedHe s | s
configured to nainti’;\ineéhe lten pool in a nolten state.

101. The i nt QPEEEFEGHRIG LGN AMR heated melter waste conversion unit of

g?ag: ai m 100, whergj mdhdi6r REviReOWairstSetidPind 5 8etoae ehd, e Tirsigendecbnnected avthee
e

second terminal of the DC output of the rectification means and the second end

10 connected to the at least one arc plasma electrode.

83. The waste conversion system of claim 81, wherein the DC power

supply source is configured to provide stable transfer arc operation.

15 84. The waste conversion system of claim 74, further including at least
one metal discharge port and at least one slag discharge port in predetermined

positions in the system.

85. The waste conversion system of claim 84, wherein the metal discharge

20 port is positioned proximate to a bottom surface of the unit.

86. The waste conversion system of claim 84, wherein the slag discharge
port extends upwardly at a predetermined angle relative to a side surface of the unit
and wherein the slag discharge port is positioned above a bottom surface of the unit

25 and below a surface of the molten pool.

87.  The waste conversion system of claim 86, further including an

auxiliary heating chamber attached to the slag discharge port.

30 88.  The waste conversion system of claim 74, wherein the unit is in the

form of an elongated chamber.

PP ——
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PR

operation and conpri ses:
having at | east one primary w ndi ng and at Ieast mlﬂmunﬁuﬂ W
r

wi ndi ng; at | east one saturabl g reacto aving & ffrst end and
avsecond end, the first end of the at |east one saturable reactor
connected Lo the ago| eaphe Qe OAARGBHKysiem ol Mt Chndrb thE HIFbEF BP
rectification nmeans "havi ng I'east one”AC input termnal and first an
second Dslasmid plettrodnsrlsmb.s the at |east one AC input terninal
connected to the second end - of the at |east one saturable reactor, the
first DC output term nal connected to a counter electrode in the unit;
and 10 angg, nd“Tﬁé’%vaE‘t@‘ébﬁGerﬁoﬁ's&&émedfftlﬁﬁm& WERGEMAhe Rmbe 6f hicr St

end connected to t
5 plasma electrodes is greater than two.

91.  The waste conversion system of claim 74, wherein six joule heating
electrodes are positioned in the unit, the six joule heating electrodes each connected
to the second power supply source and configured to provide volumetric joule

10 heating in the molten pool.

92.  The waste conversion system of claim 74, wherein the at least one arc

plasma electrode is a graphite electrode.

15 93.  The waste conversion system of claim 92, wherein the at least one arc

plasma electrode includes a protective coating.

94.  An integrated arc plasma-joule heated melter waste conversion unit,
comprising:

20 at least one arc plasma electrode; _

a first power supply source connected to the at least one arc plasma electrode
and characterized in that an arc plasma generated between the at least one arc plasma
electrode and a molten pool in the unit is on top of or within the molten pool;

- a plurality of joule heating electrodes; and
25 a second power supply source connected to the plurality of joule heating
electrodes and configured to provide volumetric joule heating in the molten pool;
wherein the first and second power supply sources are configured such that
each is separately and independently controlled during simultaneous operation to
provide predetermined amounts of arc plasma heat and joule heat.

30
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second term nal of the DC output of the rectific e second
efid connected to the at | east one arc pl asmaaﬂmm:mﬁmﬁ“ﬂﬂ 'r
102. The integrated arc plasnma-joul e heateggnel ter-waste cenver n uni

15 claim 100 or 101, wherein the unit |ncI udes at |east one wall havi ng a
refractory Maher | a&h@%@tﬁ@%ﬂv&rﬁoﬁtunllte&%lalﬁl DO! WhéRid WaaeHard wherein

the at | east one transfer el ectrode I's positioned to reduce
t her mal radi atrit@duésd infethetunitcosins (arpsy\mlvitnﬁable slaglandmetat fvhan expgsed to the

mat eri al . 20 103. An integrated arc plasna-joule heated nelter
wast e conver spErPlasma heating.  conpri si ng: at | east one transfer
arc plasna el ectrode; at | east one counter el ectrode;

a DC power supply source connected to the at |east one transfer arc plasnma
25 electr&de and 86ar ad‘hemaxnecbonmrsioatulm oft claiie 9o 951 adwrein Srecionieceat is

bet ween the at ast el ect ode nd a nolten pool in the
unit is on tof® ‘HE ‘?dW'PﬁWF?“BHFmO mf]tlgr"f‘ 5‘8[5 e DC power supply

source conpri sing:

97.  The waste conversion unit of claim 96, wherein the first and second
power supply sources are configured such that each is operated without detrimental

10 electrical interaction with one another.

98.  The waste conversion unit of claim 97, wherein the first power supply
source is a DC pox‘;ver supply source and the second power supply source is an AC
power supply source.

15 _

99.  An integrated arc plasma-joule heated melter waste conversion unit,
comprising:

at least one arc plasma electrode;

a DC power supply source connected to the at least one arc plasma electrode

20 and characterized in that an arc plasma generated between the at least one arc plasma
electrode and a molten pool in the unit is on top of or within the molten pool;

a plurality of joule heating electrodes; and

an AC power supply source connected to the plurality of joule heating
electrodes and configured to provide volumetric joule heating in the molten pool;

25 wherein the DC and AC power supply sources are configured such that each
is operated without detrimental electrical interaction with one another; and

wherein the DC and AC power supply sources are separately and
independently controlled during operation to provide predetermined amounts of arc
plasma heat and joule heat such that waste material introduced into the unit forms a

30 gas, a vitrifiable slag and metal when exposed to the arc plasma heat and such that

the joule heat is configured to maintain the molten pool in a molten state.
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at | east one transformer having at |east one pri
| Bast one secondary wi ndi ng; 30 nﬁmm}‘ f Eﬁru abl e
reactor having a first end and a second en t he the at
| east one saturable reactor connected to the at |east one secondary

wi ndi ng of the trapstorner.:

"5a. 160.”" A5 pregraied e pIAPAO DSRIG Sl VS SPRSRIOT B o
term nal and ¢dmsdisiggtd second DC output termnals, the at |east one AC
i nput term nal connect ed to the second end of the at |east one
sat ur abl e react or, at leastfone dransfer 8t plasma glegirpdg: connected to the at

least one counter el]f(ftp 8/@? sﬁ;ﬂ)b‘ DSurtd bbnneBdd to the at least one transfer arc plasma

5 electrode and characterized in that an arc plasma generated between the at least one
arc plasma electrode and a molten pool in the unit is on top of or within the molten
pool;

a plurality of joule heating electrodes; and
an AC power supply source connected to the plurality of joule heating
10 electrodes and configured to provide volumetric joule heating in the molten pool, the
AC power supply source comprising:
at 1e_a§t one transformer having at least one primary winding and at
least one secondar;lf winding; _
at least one canacitor connected in series with the at least one .
15 secondary winding of the at least one transformer and connected to a first of the
plurality of the joule heating electrodes; and
at least one saturable reactor connected in series with the at least one
secondary winding of the at least one transformer and connected to a second of the
plurality of joule heating electrodes; and
20 wherein the DC and AC power supply sources are configured such that each
is simultaneously operated without detrimental electrical interaction with one
another; and |
wherein the DC and AC power supply sources are separately and
independently controlled during operation to provide predetermined amounts of arc
25 plasma heat and joule heat such that waste material introduced into the unit forms a
gas, a vitrifiable slag and metal when exposed to the arc plasma heat and such that

the joule heat is configured to maintain the molten pool in a molten state.

101. The integrated arc plasma-joule heated melter waste conversion unit of
30 claim 100, wherein the DC power supply source is configured to provide stable

operation and comprises:
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S, an inductor having a first end t he
first end connected to the second term nal ﬂ "ﬂmg mﬂ f the
rectification nmeans and the second en? connectedc ta thve at +east one

arc plasma el ectrode; at | east one wall having a refract ory

Cransi or arc.pl asmit Moo mrsTotet kafie o tsow A dBomy, Wieble R B Bee

the at |east gagnualyl waﬂﬂ,gt he refractory material; first,
second , third, fourth, fifth and sixth joule heatlng el ectr odes; and
an AC power suppl y aklsaptcenecseiwahle seactas hawglg piirss end a0d geeprcends dbe figstq

configured to, (? ¥ 'ttﬂeeatvlgis‘ﬂ BhL Eﬁtﬁrabﬁulleegtgfa 2bide8teli o ttﬁheatnﬂllgt Ul TB@(SHn(ialtylﬁ' e AC

power supp rcé conp or mer “means
havi ng three Wmdiﬁgy)f\ahmdanmmﬁ f| rst, second and third secondary
wi ndi ngs; first, second and third capacitors each

respectivel y connedgifications meppsshaving at jeqst ope AG inpyf te zfr §eaond

secondary wnﬁ]@gﬁ g%gtﬂ,mgqgégﬁ%g{t ?3”?@%3}?&3 rminal Rk téde g lskdfildYend

connected to secod eating e ectr es; 20 and
first, secondofitte dtHeast onasatnmbleereaetnr;tme ﬁmab@ outmp detniing| gomectedam ad

In series with the first, second a third secondary w ndi ngs of the
transformer Ccountggelgctrode jn ?:Hnﬁt’e?%ect ively connected to the fourth, fifth

and sixth ggoul e heghiidictor having a first end and a second end, the first end connected to the
second terminal of the DC output of the rectification means and the second end

connected to the at least one arc plasma electrode.

102. The integrated arc plasma-joule heated melter waste conversion unit of
15 claim 100 or 101, wherein the unit includes at least one wall having a refractory
material attached to at least a portion thereof and wherein the at least one transfer
arc plasma electrode is positioned to reduce thermal radiation on the at least one wall

and the refractory material.

20 103. An integrated arc plasma-joule heated melter waste conversion unit,
comprising:
at least one transfer arc plasma electrode;
at least one counter electrode;
a DC power supply source connected to the at least one transfer arc plasma
25 electrode and characterized in that a stable arc plasma generated between the at least
one arc plasma electrode and a molten pool in the unit is on top of or within the
molten pool, the DC power supply source comprising:
at least one transformer having at least one primary winding and at
least one secondary winding;
30 at least one saturable reactor having a first end and a second end, the

first end of the at least one saturable reactor connected to the at least one secondary
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.el-hectrodes; 25 wherein the DC and AC pom&EPMm\ggM are

configured such that each I s simultaneouslly joperated w thqut
detrimental electrical interaction with one anotdguL w8
wherein the DC and AC power supply sources are jsejparately and
I ndependently control |l ed during operation o priovide predeter ngd amount s
of arc 30 plasma heat and joule heat suc hat] waste material introduced
into the unit fornms a , a V|££|f|ab e sl ag énd nmet al, when exposed

to the arc plasma heat ISW@HEH@% ving at Jeast; qnei ACHBRYt teEmiaglandyfirsk and o
mai ntain the @ eHCRARbut! tBrrfindlS, et 343¢ Gne AC input terminal connected to the

second end of the at least one saturable reactor, the first DC output terminal

connected to the at least one counter electrode in the unit; and
5 an inductor having a first end and a sécond end, the first end
connected to the second terminal of the DC output of the rectification means and the
second end connected to the at least one arc plasma electrode;
at least one wall having a refractory material attached to at least a portion
thereof, the at least one transfer arc plasma electrode positioned to reduce thermal

10 radiation on the at least one wall and the refractory material;

first, second, third, fourth, fifth and sixth joule heating electrodes; and

an AC power supply source connected to the joule heating electrodes and
configured to provide volumetric joule heating in the molten pool, the AC power
supply source comprising: _

15 transformer means having three primary windings and first, second
and third secondary windings;

first, second and third capacitors each respectively connected in series
with the first, second and third secondary windings of the transformer means and
each respectively connected to the first, second and third joule heating electrodes;

20 and

first, second and third saturable reactors each respectively connected
in series with the first, second and third secondary windings of the transformer
means and each respectively connected to the fourth, fifth and sixth joule heating
electrodes; '

25 wherein the DC and AC power supply sources are configured such that each
is simultaneously operated without detrimental electrical interaction with one
another; and

wherein the DC and AC power supply sources are separately and
independently controlled during operation to provide predetermined amounts of arc

30 plasma heat and joule heat such that waste material introduced into the unit forms a
gas, a vitrifiable slag and metal when exposed to the arc plasma heat and such that

the joule heat is configured to maintain the molten pool in a molten state.
—_—
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TUNABLE, SELF-POWERED INTEGRATED ARC PLASMA-MELTER
VITRIFICATION SYSTEM FOR WASTE TREATMENT AND RESOURCE
RECOVERY

ABSTRACT

The present invention provides a relatively compact self-powered, tunable
waste conversion system and apparatus which has the advantage of highly robust
operation which provides complete or substantially complete conversion of a wide
range of waste streams into useful gas and a stable, nonleachable solid product at a
single location with greatly reduced air pollution to meet air quality standards. The
system provides the capability for highly efficient conversion of waste into high
quality combustible\ gas and for high efficiency conversion of the gas into electricity
by utilizing a high efficiency gas turbine or by an internal combustion engine. The
solid product can be suitable for various commercial applications. Alternatively, the
solid product stream, which is a safe, stable material, may be disposed of without
special considerations as hazardous material. In the preferred embodiment of the
invention, the arc plasma furnace and joule heated melter are formed as a fully
integrated unit with a common melt pool having circuit arrangements for the
simultaneous independently controllable operation of both the arc plasma and the
joule heated portions of the unit without interference with one another. The
preferred configuration of this embodiment of the invention utilizes two arc plasma
electrodes with an elongated chamber for the molten pool such that the molten pool
is capable of providing conducting paths between electrodes. The apparatus may
additionally be employed with reduced or without further use of the gases generated
by the conversion process. The apparatus may be employed as a self-powered or net
electricity producing unit where use of an auxiliary fuel provides the required level

of electricity production.
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