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Abstract

A thermal waste treatment facility has been developed at the Albany Research Center (ARC) over
the past seven years to process a wide range of heterogeneous mixed wastes, on a scale of 227 to
907 kg/h (500 to 2,000 lb/h).  The current system includes a continuous feed system, a 3-phase
AC, 0.8 MW graphite electrode arc furnace, and a dedicated air pollution control system (APCS)
which includes a close-coupled thermal oxidizer, spray cooler, baghouse, and wet scrubber.  The
versatility of the complete system has been demonstrated during 5 continuous melting campaigns,
ranging from 11 to 25 mt (12 to 28 st) of treated wastes per campaign, which were conducted on
waste materials such as a) municipal incinerator ash,  b) simulated low-level radioactive, high
combustible-bearing mixed wastes, c) simulated low-level radioactive liquid tank wastes, d) heavy-
metal contaminated soils, and e) organic-contaminated dredging spoils.  In all cases, the glass or
slag products readily passed the U.S. Environmental Protection Agency (EPA) Toxicity
Characteristic Leachability Program (TCLP) test.  Additional studies are currently under way on
electric utility wastes, steel and aluminum industry wastes, as well as zinc smelter residues.  Thermal
treatment of these solid waste streams is intended to produce a metallic product along with non-
hazardous glass or slag products.
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Introduction

The thermal waste treatment facility developed at ARC has been utilized to process a wide range of
solid wastes.  A vitrification program was established in 1992, which entailed the development of
the proper melting practices tailored to individual waste streams.  The first test program investigated
commercial-scale vitrification of municipal solid waste (MSW) incinerator residues (1-2), through
the cooperation of the U.S. Bureau of Mines (USBM), American Society of Mechanical Engineers
(ASME), and U.S. Department of Energy (DOE).  Upon completion of the MSW vitrification
program, the Idaho National Engineering Laboratory (INEL) entered into an agreement with the
ARC to modify the furnace system and use it for testing and developing an arc-melter process for
vitrification of alpha-contaminated buried mixed wastes and soils (2-4).  Modifications were limited
to the air pollution control system, to permit the processing of high combustible-bearing feeds. 
Following the INEL work, a cooperative research effort was conducted with the Westinghouse
Hanford Company (WHC) on simulated low-level radioactive high sodium liquid tank wastes (2,5). 
The WHC work was completed by the end of 1995, which marked a change in focus from
radioactive wastes back to industrial solid wastes.

Vitrification of chromium-contaminated building debris, collected during demolition of an
electroplating plant on the Charleston, South Carolina, Naval Shipyard, and lead-contaminated soil
from a battery maintenance site on the Shipyard, were investigated in 1997.  Organic-contaminated
dredging spoils from the Charleston Harbor were also investigated at this time (6-7).  In all the
above case studies, vitrification of the various waste streams produced a glass or slag product that
comprised approximately 70-80 pct of the original mass of feed.  The glass or slag products readily
passed leachability tests, such as the U.S. EPA TCLP test.  Heavy metals in the feed materials,
especially cadmium, lead, and zinc, reported almost exclusively to the baghouse.  It was
demonstrated that the concentrations of these metals in the baghouse dust could be increased by
return of the dust to the furnace.

Additional studies (8-10) conducted since 1995, at both bench- and pilot-scale, have emphasized a
modified furnace practice, away from vitrification (melting practice) toward reduction/melting
(smelting practice).  This latter practice is intended to gain maximum utility of the waste stream by
simultaneous production of marketable metallic iron and clean slag products.  These studies have
included 1) iron and steel industry wastes or low value materials (electric arc furnace dust, blast
furnace sludge, grinding swarf, steel turnings, cast iron borings, mill fines, and mill scale); 2)
aluminum smelter wastes (spent potliner, dross); and 3) zinc smelter residues.  The more recent
studies have investigated a multiple waste stream approach to the treatment of these materials. 
Combining alternate wastes can minimize the use of raw material additives, such as slag-formers
and/or reductants, and improve the utilization of the waste toward recovery and recycle.  The
remainder of this paper will present a short description of the ARC thermal treatment facility, and a
brief discussion of these various case studies.
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Figure 1. - Schematic of feed system and furnace.

ARC Thermal Waste Treatment Facility

A detailed description of the current waste treatment facility has appeared in several previous
publications (1,4,6).  A brief description of the facility is included in the following sections to
provide some reference for the reader.

Feed System

Dedicated to the melting facility is a feed system capable of delivering material to the furnace at the
rate of about 0.85 m3/h (30 ft3/h), or 1 mt/h (2,200 lb/h) of material with bulk density in the range
961-1,284 kg/m3 (60 to 80 lb/ft3).  The feeder comprises (in order) the following components: 1)
receiving bin; 2) bucket elevator; 3) metering bin with calibrated delivery screws; 4) rotating air
lock; 5) splitter screw; and 6) two feed screws (Figure 1).  Materials to be melted are delivered
uniformly to the furnace through four water-cooled feed tubes that extend to within 46 cm (18 in) of
the surface of the molten pool and are located between the electrodes and sidewall of the furnace. 
Dust generated within the building is collected in a baghouse connected to the receiving bin, bucket
elevator, and metering bin.

Electric Arc Melting Furnace

An existing tilting Lectromelt size ST (nominal capacity 909 kg or 1 st of steel) refractory-lined
furnace shell and roof were replaced by a stationary furnace that is sealed for atmosphere control,
having a water-cooled shell, water-cooled roof, and air-cooled bottom (Figure 1).  The existing
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electrode arms and roof supports were unchanged.  The carbon steel shell is 165 cm (65 in) high
and tapers from 152 cm (60 in) ID at the bottom to 142 cm (56 in) ID at the top.  The capacity of
the hearth is about 0.14 m3 (5 ft3).  Three central ports in the roof accommodate 10.2 cm (4 in)
diameter graphite electrodes.  Water-cooled feed tubes, each 21.9 cm (8.625 in) OD, extend
through four charging ports, while exhaust gases exit the furnace through a 20.3 cm (8 in) diameter
circular exhaust port in the roof.  A 15.2 cm (6 in) square inspection port in the roof is fitted with a
door that opens to provide access to the furnace interior.  A remote-controlled CCD color video
camera is mounted on a pin-hole port fabricated in the inspection door, which provides real-time
viewing of the furnace interior.  Tapping metal and draining the furnace is accomplished through a
3.8 cm (1.5 in) diameter hole in the bottom center of the hearth that was built into the furnace lining
during construction.  The slag tap hole is a welded, water-jacketed copper cylinder 15.2 cm (6 in)
diameter by 25.4 cm (10 in) long.  A 2.54 cm (1 in) diameter hole runs lengthwise through the
copper cylinder, designed to tap slag continuously at rates up to 909 kg/h (2,000 lb/h).

An existing 3-phase 800 kVA power supply originally designed for melting steel or smelting ores
was modified to provide the higher voltages necessary to effectively operate the arc furnace as a
glass melter.  The present transformers design can be configured to provide separate voltage
characteristics to the furnace.  This flexibility is necessary because the facility has been designed to
melt waste streams which may or may not include metallic constituents, which can result in
significant variations in resistivity.

Air Pollution Control System

The air pollution control system (APCS) is shown schematically in Figure 2.  The system was
designed to meet the demands of research efforts to vitrify materials containing significant
proportions of water, combustibles, chlorides, sulfates, nitrates, and nitrites.  The primary
components of the APCS include (in order), 1) refractory-lined ductwork connecting the arc
furnace to a close-coupled thermal oxidizer, serviced by two 234 kW (800,000 BTU/h) natural gas
burners, 2) refractory-lined thermal oxidizer serviced by one 879 kW (3 million BTU/h) natural gas
burner, 3) evaporative gas cooler (EGC), 4) cooling air wind box, 5) cyclone, 6) 283.2 m3/min
(10,000 acfm) capacity pulse-jet baghouse, 7) acid gas scrubber, 8) cooler/condenser, 9) heat
exchanger, 10) 37.3 kW (50 hp) induced-draft blower, and 11) activated carbon and High
Efficiency Particulate-Air (HEPA) filter banks.

Case Studies

During the demonstration melting tests, instrumentation was monitored and samples were collected
to characterize the system performance while the different feed mixtures were processed.  Process
samples [glass/slag product, metal product (from the final tap), cyclone and baghouse dust, and
scrubber solutions] were collected throughout the test.  The measured process data and the
analytical results were used to (a) calculate mass balances, (b) calculate partitioning and fate of
toxic metals in the feed, (c) characterize secondary  product streams, and (d) evaluate the chemical
and physical properties of the glass product.  Space does not permit an exhaustive review of the
test program, so a general overview is included in Table I.
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Figure 2: Schematic of air pollution control system.
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Table I.- Operations Summary For Bench- And Pilot-Scale Case Studies

                                              
    Material

Furnace
charge,

kg

Slag Metal Dust Offgas  Energy 
kW·h/kg

Mean tap
temp., °C

wt, kg wt, % wt, kg wt, % wt, kg wt, % wt, kg wt, %

MSW incinerator ash 23,910 19,282 80.64 1,115 4.66 2,872 12.01 640 2.68 1.23 1,550

Sim. rad. mixed wastes I 20,218 17,033 84.25 488 2.41 407 2.01 2,290 11.30 1.08 1,625

Sim. rad. mixed wastes II 8,086 4,562 56.41 643 7.95 701 8.67 2,181 26.97 1.23 1,600

Sim. rad. liquid wastes 13,620 11,393 83.65 0 0.00 670 4.92 1,557 11.43 1.34 1,450

Blast furnace sludge,
swarf, scale

2,078 556 26.76 750 36.09 130 6.26 642 30.89 1.19 1,465

Cast iron borings, steel
turnings

4,813 1,055 21.92 3615 75.11 5 0.10 138 2.87 0.73 1,525

Heavy metal cont. soils 5,861 4,700 80.19 52 0.89 69 1.18 819 13.97 1.20 1,665

Org. cont. dredge spoils 2,398 1,949 81.30 23 1.00 26 1.10 304 12.70 1.26 1,560

EAF dust 1 64 15 23.44 13 20.31 8 12.50 28 43.75 1.74 1,530

Zinc smelter residues  1 36 7 19.44 10 27.78 2 5.56 17 47.22 2.89 1,610

Aluminum dross 2 45 33 73.33 6 13.33 2 4.44 4 8.89 0.93 1,555

Alum. spent potliner 1 23 11 47.83 6 26.09 0.5 2.17 5.5 23.91 2.05 1,450

1 Bench-scale studies conducted in 50 kW EAF (higher energy consumption due to small furnace size).

2 Aluminothermic reduction tests - significant decrease in energy consumption (even in bench-scale furnace).

MSW Incinerator Residues
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These studies were intended to provide a definitive investigation regarding the processing of
combined grate residues and flyash, including derived environmental benefits, process costs,
technical/operating requirements, and potential beneficial product uses.  The materials investigated
included dry combined bottom ash and fly ash from three state-of-the-art mass burning waste-to-
energy (WTE) plants, dry combined ash from a multiple hearth waste water treatment sludge
incinerator, and fly ash from a WTE plant with acid gas absorber burning refuse-derived-fuel
(RDF).  Over 24.5 mt (54,000 lb) of residues were melted during a 100-h continuous campaign. 
Greater than 80 pct of the feed material reported to a vitreous product, which was determined to
be nonhazardous by the U.S. EPA TCLP test.  American Society for the Testing of Materials
(ASTM) tests have demonstrated that these slags have potential for beneficial use as construction
fill or aggregate.  The heavy metals in the feed materials reporting to the baghouse dust were
concentrated by recycle to the furnace.  Continuous emissions monitoring (CEM) results are
included in a later section.

INEL Simulated Radioactive Mixed Wastes

These wastes are contaminated with long-lived transuranic (TRU) radionuclides, hazardous organic
compounds, and metals.  Combustible materials (wood, paper, plastics, cloth, rags, rubber, etc.)
are the largest single category of waste in terms of volume, but there are also large amounts of
cemented and uncemented organic and inorganic sludges, nitrate salts, metals, and other
noncombustible, nonmetal materials (insulation, glass, soil, concrete, etc.).  Thus, incineration and
melting are necessary to treat both the radioactive and hazardous components of the mixed wastes. 
This method was investigated in two phases: I) incineration of the mixed wastes followed by melting
(vitrification); and II) incineration/melting in a single unit operation.  This was accomplished by
preparing the furnace feed mixtures to simulate pre-incinerated materials versus as-retrieved
materials (both utilizing CeO2 as the TRU surrogate).  The simulated, pre-incinerated materials
were processed in a week-long melting campaign in 1993.   Processing of complex raw feed
materials, including combustible solids and organic solvents, reactive nitrates, metal hydroxide
sludges, plastics, and scrap metals was completed in 1995.  This second series of tests required
significant modifications to the APCS, resulting in the current system (Figure 2).  Overall, 27 mt
(60,000 lb) of simulated wastes were processed in two week-long melting campaigns, with 70-80
pct of the feed mixtures reporting to the glass/slag products, which exhibited high durability and low
leachability under both acidic (TCLP) and basic (Product Consistency Test -A, PCT-A)
conditions.  Essentially all (99.6 pct) of the cerium additive used as a surrogate for plutonium
partitioned to the slag product.

WHC Simulated Low-level Radioactive Liquid Tank Wastes

The liquid tank wastes contained high nitrate-nitrite concentrations (~20 wt pct), which led to
concern over excessive NOx generation from the furnace, suggesting some pretreatment might be
necessary.  The high moisture content of the wastes (~45 wt pct) required a drying operation as
well, thus dry furnace feed was prepared by performing a low-temperature (250°C) denitrification
reaction on a mixture of the liquid waste simulant, glass-formers, and carbon reductant.  This
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procedure was successful at reducing the nitrate-nitrite content by over 75%.  Approximately 12 mt
(26,000 lb) of the dry, denitrified, free-flowing, non-hygroscopic feed material was processed in the
melting furnace during a 36 h continuous melting test.  The borosilicate glass product, designed to
contain 5 pct B203 and 20 pct Na2O with 25 pct waste-loading, demonstrated excellent durability
under both TCLP and PCT-A leaching conditions.  Modifications to the melting practice for
subsequent tests achieved greater than 90 pct Na and 80 pct B recovery in the glass product.

Industrial Solid Wastes

A series of bench- and pilot-scale smelting tests has been conducted on industrial solid wastes over
the past 3 years (Table I).  Combination of wastes has been demonstrated as an effective means to
gain their maximum utility.  The use of solid oxidants to consume high carbon concentrations in
specific wastes has been proven extremely effective.  For example, the combination of iron oxide
bearing wastes (electric arc furnace dust, blast furnace sludge, mill scale) with carbon bearing
wastes (spent potliner, zinc smelter residues) can produce a metallic iron product with potential for
recycle, along with a non-hazardous slag product.  ASTM tests conducted on some of these slags
has demonstrated their potential for beneficial use as construction fill or aggregate.  In the case of
EAF dust and zinc smelter residues, a marketable zinc-bearing baghouse dust can also be
produced.  The ultimate goal for the thermal treatment of these wastes is the
minimization/elimination of landfill.

Continuous Emissions Monitoring

MSW, INEL Phase 1, and WHC Studies

Offgas emissions monitoring was conducted for all of the pilot-scale melter campaigns, and detailed
characterization of the gaseous and particulate emissions are included in the appropriate
publications (1-7).  Emissions during the MSW and INEL Phase 1 tests were well below expected
emissions limits for CO, total hydrocarbons (THC), HCl, NOx, and SO2.  However, because
carbon, chlorine, and sulfur content in these feeds were specified at 2-4 wt pct, the low emissions
were expected.  Emissions were also below expected limits during the WHC melting tests.  The
high nitrate-nitrite content of the LLW simulant was expected to cause higher NOx generation, but
the low levels measured at the furnace outlet (~31 ppm) and stack (2-13 ppm) confirmed the
success of the low-temperature denitrification reaction.

INEL Phase 2 Study

The INEL Phase 2 waste mixtures, some of which contained up to 39 wt pct carbon and 20 wt pct
combined chlorine and sulfur, represented a much greater challenge for the APCS.  The offgas
concentrations in the furnace plenum and at the furnace outlet were similar, with typically large
amounts of CO (6,200-110,000 dry ppm) and THC (8,700-120,000 ppm), and NOx levels
between 16-340 ppm.  Infrequent furnace and furnace outlet Fourier Transfer Infrared (FTIR)
measurements determined the THC speciation, which included up to 36,000 ppm methane, 18,000
ppm ethylene, 700 ppm benzene, and 4,000 ppm toluene.  These species are all incomplete
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products of combustion (PICs) when conditions are not designed for efficient combustion of
organics.  The furnace was not designed for combustion of organics, but for melting of inorganic
oxides and metals.  Efficient oxidation of organics would necessitate a larger furnace plenum, higher
gas temperatures, and higher gas velocities, which would increase the levels of dust entrainment. 
Like typical incineration systems, the best vitrification system for treating wastes with high organic
material content would have separate chambers or zones for melting the solid materials and
efficiently oxidizing the gaseous materials that evolve from the feed materials during pyrolysis and
melting.  This is the design of the ARC thermal waste treatment facility, and why the melter offgas
contained high levels of PICs that were efficiently combusted in the thermal oxidizer.

Stack gas concentrations of CO and THC were very low, ranging between 0-30 ppm and 0.5-60
ppm, respectively.  These levels are within expected emission limits for these species from this
process.  Speciation of the THCs in the stack, measured by FTIR, included up to 55 ppm methane,
2 ppm ethylene, and 2 ppm benzene.  Concentrations of NOx, HCl, and SO2 at the stack were also
very low, ranging from 5-40 ppm, <20 ppm, and 3-20 ppm, respectively.  Stack gas CO emission
rates were typically under 0.05 kg/h (0.1 lb/h) but reached 0.86 kg/h (1.9 lb/h) during one of the
test conditions.  At 0.86 kg/h (1.9 lb/h) and an esitmated 5,760 operating hours per year for a
mixed waste treatment facility, the CO emission rate would be 4.9 mt (5.5 st).  Similar calculations
for NOx, SOx, and HCl show annual emission rates of 0.82 mt (0.9 st), 1.0 mt (1.1 st), and 0.55
mt (0.6 st).  Control efficiencies were calculated by comparing the measured emission rates
upstream and downstream of the control equipment.  The CO and THC control efficiencies of
99.999 pct were determined from measurements at the furnace outlet and at the stack.  An HCl
control efficiency of 98.9 pct was determined by estimating the furnace outlet concentration of HCl
from mass balances over the furnace, and using the measured stack HCl concentration of 20 ppm.

Industrial Solid Wastes Studies

Dioxin measurements were conducted at the stack during the processing of organic contaminated
dredging spoils and heavy metal contaminated soils.  Single sampling runs, each 4 hours long, were
conducted during both feed intervals.  The toxicity equivalent (TEQ) was calculated from
measurements for the combined polychlorinated dibenzodioxins (PCDD) and the polychlorinated
dibenzofurans (PCDF).  The dioxin/furan measurements at the stack for the dredging spoils interval,
corrected to 7% O2, were 0.0210 ng/dscm (nanograms per dry standard cubic meter) TEQ for
total PCDD/PCDF.  Similar measurements at the stack for the contaminated soils feed interval,
corrected to 7% O2, were 0.0222 ng/dscm TEQ for total PCDD/PCDF.  Both of these results are
approximately one order of magnitude below the proposed Maximum Achievable Control
Technology (MACT) limits for hazardous waste incinerators, which states a limit of 0.2 ng/dscm
TEQ at 7% O2.
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Conclusions

The capability of the graphite electrode arc furnace for processing various heterogeneous mixed
wastes has been demonstrated by a series of melting/smelting campaigns conducted at the ARC
thermal waste treatment facility.  These campaigns total over 350 hours of continuous operation,
during which over 84 mt (185,000 lb) of various waste mixtures have been treated.  Significant
findings include: 1) toxic metal constituents (Cd, Pb, Zn) concentrate in the baghouse dust, thus
limiting hazardous constituent content in the slag; 2) slag products have potential for beneficial use in
asphaltic concretes, mineral wool insulation, and construction fill; 3) slag products satisfied leach
requirements for both acidic (TCLP) and basic (PCT-A) leach environments; 4) partitioning of the
TRU surrogate (CeO2) of  99.6 pct to the slag product; 5) metal products exhibited potential for
recycle, and 6) emissions were effectively control by the current APCS design.  Melting experience
gained through these case studies has produced a unique record of results, applicable to future
treatment studies, whether in the electric arc furnace or other melting technologies.
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