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INTRODUCTION

Contaminated soils and buried wastes represent one of the most widespread and costly

remediation problems in the United States and other developed countries around the world.

This concept of in situ remediation using a plasma arc torch should be directly applicable to

many of the contaminated soil remediation needs described the DOE, EPA, and DoD.

Plasma Remediation of In Situ Materials (PRISM) could provide a highly efficient, cost-

effective, reliable and controllable technique to selectively melt and vitrify any

contaminated/buried volume of soils, materials, or objects at any depth underground. If
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necessary, it could pinpoint underground objects such as buried drums for selective

, _m,_dl..,on.

Plasma arc technology was developed over 30 years ago by NASA for the U.S. space

program to simulate re-entry temperatures on heat shields. Only recently has this technology

begun to emerge as a commercial tool in several industries such as steelmaking, metallurgy,

precious metal recovery, and waste disposal.

Conceptually, a plasma torch could be used on the ground surface or lowered to the

bottom of a small diameter, cased borehole. By raising and operating the torch at

progressively higher levels a column of contaminated material would be vitrified and

converted into an environmentally safe, glassy residue, highly resistant to leaching. With

proper borehole spacing the vitrified columns could be coalesced together to form a

contiguous, homogeneous mass of vitrified material which is environmentally safe and highly

resistant to leaching.

PLASMA ARC TECHNOLOGY

A plasma torch is a device that converts electrical energy into thermal energy (Camacho

1988, 1991). A plasma is an ionized gas that is conditioned to respond to electromagnetic

forces. The plasma arc is created when a voltage is established between two points. The

plasma acts as a resistive heating element and maintains a temperature around 12,000°C.

Plasmas occur naturally in the form of lightning. This resistive heating element presents a

distinct advantage over any solid heating element since it is a gas and cannot melt and fail.

The plasma arc creates a "flame" that has temperatures ranging from 4000°C to 7000°C.



Thus, plasma torches operate at much higher temperatures, higher enthalpies _!nd at greatly

increased efficiencies than fossil fuel burners. In addition, plasma torches require only about

5% of the gas necessary for fossil fuel burners. Therefore, effluent gases are greatly reduced,

and furnace systems can be built much more compact than traditional furnaces at

correspondingly reduced capitol costs.

A plasma torch generally employs a stainless steel cylinder several inches in diameter

and several feet in length; the specific dimensions are related to the torch power levels. This

cylinder integrates the electrodes, insulators, gas injectors, and water dividers into a functional

torch. In the special design by Dr. Camacho, the rear electrode acts as the anode while the

front electrode acts as the cathode (Camacho, 1988). This design is referred to as the reverse- ..

polarity torch. The two electrodes are separated by an electrical insulator. Cooling water is

circulated within the walls of the tube to prevent the metals (stainless steel and copper) from

melting under the high temperatures of the plasma arc. A gas is injected into the tube

tangentially to its circumference at the insulator. The gas serves two purposes. First, it

replenishes the gas for the plasma (which actually only consumes about 1% of the total gas

flow). Second, the gas stabilizes the plasma arc column and allows the contact location of

the arc to be varied by varying the gas flowrate. In this manner, the copper electrode

surfaces can be consumed at a uniform rate. The type of gas has no great effect on the

process and gases such as air, argon, nitrogen, oxygen, or helium can be used. Typically, air

is the simplest and least expensive gas source.

The average life of the electrodes is between 200 and 1,000 hours before the surface

wears enough to allow the cooling water to begin to leak. A leak does not present an



immediate problem to the functioning of the torch; however, tile leak indicates extreme wear

• " 1,:,,,_,-C_4 _. I-e,n the electrode and the need for timely replvcezznent. C!'a:'Z'"g an e..... _e ,_ ,e_

approximately 30 minutes. The plasma torch is powered by DC voltage obtained through

conversion from a standard AC power supply. Plasma torches of the reverse-polarity design

generally operate in the 100 kW to 10 MW range. The electrical to thermal energy

conversion is approximately 90% efficient.

The plasma torch system consists of the following components: the plasma arc torch

assembly, power supply and control panel, closed loop water cooling system and heat

exchanger, and a gas source. Off-gas treatment will also be required during application to

contaminated sites. Applications envisioned for the PRISM process emphasize in situ

remediation of sites containing radioactive or mixed waste, including soils, seepage pits, and

buried wastes. A plasma torch system can be readily put into a mobile configuration. A

1 MW mobile reverse-polarity system (designed for ex situ melting, not in situ) on three

trailers has been in operation for several years in Canada.

Several plasma torch furnace processes for the destruction of hazardous and toxic wastes

have been developed and successfully tested. The very high temperatures and energy

densities, in conjunction with an ionized and reactive medium, have fully demonstrated the

potential of plasma technology to remediate many waste and mixed waste materials in an

environmentally safe and cost-effective manner. Thus far, materials vitrified with plasma arc

torches have readily passed all standard leaching tests. Among the promising waste disposal

technologies under consideration are processes to remediate asbestos, PCB's, hospital medical

wastes, municipal solid wastes, hazardous/toxic wastes, and low level radioactive wastes.



Some of these processes have been commercialized while others are still in the development

stage.

IN SITU REMEDIATION

The basic concept of in situ remediation of contaminated soils and buried wastes is not

new. Pacific Northwest Laboratories (PNL) is the original developer of the concept for

remediation of contaminated soils by in situ melting (Brouns et al. 1983). This includes the

design, construction, and implementation of field-scale in situ systems (Buelt et al. 1987).

PNL has performed over 200 tests of in situ vitrification (ISV), including more than 30 at the

field scale level. They have also developed innovative off-gas processing systems, including

hoods for special purposes. PNL currently has three scales of equipment for ISV testing and

demonstration: engineering-scale, pilot-scale and large-scale (full-scale).

In situ vitrification (ISV) has been demonstrated to be an effective technology for the

stabilization of contaminated soils. ISV is being employed by GEOSAFE Corporation in the

private sector for treatment of contaminated soil sites. It is being developed at DOE sites for

remediation of radioactively-contaminated soils and seepage pits. The conversion of

contaminants and geologic materials to a glass-like or rock-like material is highly desirable

because of its permanency and verifiability (Spalding et al. 1989). However, the standard

ISV technology has certain limitations. For example, there are limits on depth of processing

(currently 20 feet), and ISV cannot readily ,,'eat sites with contained volatiles or large voids

or concentrations of combustible buried wastes (Roberts et al. 1992; Thompson et al. 1992).

These limits prevent ISV from general application to some DOE sites containing mixed



wastes and buried wastes. The PRISM concept appears to eliminate these limitations of depth

and volatiles. Thus, the development of tile PRISM technology offers tile potential to target

mixed wastes and buried contaminants that are not safely or economically treatable using

currently available in situ or ex situ technologies.

The PRISM concept envisages the remediation of contaminated sites by operating one or

more multi-megawatt power level plasma torches in cased boreholes with the process initiated

at target depths of remediation to produce in situ melting and subsequent solidification (see

Figure 1). Contaminated sites would include soil and rock materials containing surface and

subterranean deposits of contaminants such as hazardous/toxic wastes, heavy metals and

organics, buried objects, concentrated waste sediments and sludge, sanitary landfills,

radioactive wastes, and underground storage tanks (Circeo and Mayne 1993; Circeo and

Camacho 1994; Popular Mechanics 1992; Solid Waste & Power 1993). Once lowered to the

bottom of the borehole, the torch is activated. The borehole casing adjacent to the plasma

flame would be immediately melted, and remediation of tile contaminants would begin at that

location. Melting would readily occur below the ground water table, providing that water

recharge can be reasonably controlled. As the melt grows, the torch is raised within the

borehole to form a cylindrical melt. Large sites may be treated by forming contiguous melts

through the use of boreholes placed in a grid configuration. All gases could be drawn out

through the top of the boreholes and collected in a hood for eventual treatment as appropriate.

This hood would also be required to bridge over any subsidence which would likely occur

around each borehole and to provide support and locational control for tile torch.



It is necessary to melt from the bottom up when operating plasma torches in boreholes.

This bottom-up melting concept has several advantages over existing technologies. In

particular, this approach guarantees reaching the target depth, since the process starts at the

target depth. Also, the borehole itself provides a route for collection and treatment for

off-gases. This release path also eliminates the potential for forming bubbles or elevated

pressures within the melt that can cause tmanticipated releases of melt to the surface. Off-gas

treatment equipment is anticipated to be similar to that used with existing ISV or other

vitrification rnethods.

The boreholes can be emplaced by standard drilling techniques or by using pipe pile

driving or vibration methods (Circeo and Mayne, 1993). These latter techniques would avoid

bringing any contaminated material to the surface. Plasma torch diameters are about 12

inches for 10 MW plasma torches. Infortnation obtained from geotechnical firms suggests

that pipe piles large enough (18" internal diameter) to accommodate torches up to 15 MW can

be readily driven to depths of 50-75 feet depending on soil characteristics. Lower power

torches could be used in smaller pipes to reach greater depths and treat large volumes by

forming contiguous melts. Of course, plasma torches can operate at any depth provided that a

cased borehole is in place.

In addition to the complete vitrification of an entire contaminated deposit, the PRISM

concept could be used to employ alternate remediation techniques. For example, operation of

plasma torches at the bottom of each borehole would create a vitrified horizontal layer along

the bottom of a contaminated deposit, forming a relatively impermeable sealant to prevent

vertical leaching and transport of the contained contaminants. Similarly, vertical barrier walls



would be created to restrain horizontal movement of contaminants. In addition, contaminants

migrating in ground water would be readily remediated by operating a plasma torch directly

in the subterranean contamination plumes to destroy the contaminants o1"immobilize thern in

the resulting vitrified soil. Operation of a plasma torch inserted directly into an underground

storage tank would rapidly devolatilize the contained petroleum products, thus remediating the

storage tank in situ.

The PRISM concept appears to be easily adaptable to existing ISV technology,

essentially by replacing the ISV graphite electrodes with one or more plasma torches. The

PRISM electrical power input system, the off-gas hood, and the off-gas treatment system

should closely parallel the equipment that PNL developed for the full-scale ISV system. The

steel jacket for the plasma torch can be made any length in order to protect the downhole

utility lines and to provide cooling along the entire length of the borehole and the off-gas

hood. Thus, the torch could be mounted vertically near the center of an off-gas hood with all

the cooling and gas lines entering the cooling jacket outside of the off-gas hood.

TECHNICAL FEASIBILITY ISSUES

Melt Behavior anti Effects

One of the most important research needs is to detennine the radii and properties of the

thermally-treated zone under various conditions of soil/rock types, torch power levels, and

moisture content. In addition to the melted zone itself, this issue applies to the

partially-melted zones where the geological material is hardened into a brick-like substance

and zones that have tmdergone volatilization reactim;s. Information on these features is



essential in evaluating plans for torch power level, location and spacing for field scale

experiments. Preliminary studies have indicated that a 100 kW torch will produce a diameter

of melt of about 2 feet. Extrapolation to megawatt power levels suggest that the diameter of

melt would increase to more than 10 feet.

This information is also important to determine the "Specific Energy Requirement"

(SER); i.e., the nurnber of plasma torch kilowatt-hours required to process one ton of

material. The SER will be a primary factor in evaluating the cost-effectiveness of the

process. Data from small-scale melting tests (up to 300 kW), integrated into computational

models of vitrification processes, will allow extrapolation of the process to the multi-

rnegawatt scale of torches to better determine the economic viability of the technology.

Preliminary studies indicate that the SER for relatively dry soils would be in the range of 300

to 500 kWh/ton; i.e., one ton of soil can be melted in one hour using a 500kW torch.

A layered product is likely to form as the torch is raised during an application. This

characteristic may result in varying leach resistance and strength properties of the final waste

form. Neither is likely to significantly impact the viability of the PRISM concept; however,

these questions need to be addressed during early tests. Few tests have been conducted using

a rising torch to create cylindrical melts. Raising the torch is not a complicated technical

issue. The torch can even operate immersed in the melt for some period of time. The issue

is really defining the bounding parameters, such as rate of rise, necessary to create rnelts of

desired uniform diameters.

Few data are available on the temperature and pressure fields arotmd PRISM melts. The

overall thermal behavior is likely to be similar to ISV melts. However, since the residence



time of the heat source is expected to be much shorter, tile thermal profile of tile process

might be even steeper than that typically observed during ISV. Thus, tile volume of soil

heated above ambient will be less extensive than with standard ISV melts. Elevated pressure

fields are less likely to occur around PRISM melts than standard ISV melts because tile

PRISM melts du not move downward and act as a seal. Rather, the melts move upward as

tile torch is raised or as new material falls into the subterranean subsidence zone shown in

Figure 1. Gases released through devolatilization or combustion reactions will be able to

move freely to the surface through tile subsidence zone and open pipe. There is no prior

experience with forming contiguous melts using PRISM. However, significant experience in

forming contiguous rnelts _asing ISV is available and, by analogy, tile process also should be

straightforward and successful for PRISM melts.

Volatility of Contaminants

Water, C02, and air are expected to be tile predominant gases released during

processing. At sites containing significant organic matter, H2 and CO are also produced

(Circeo and Ca',aacho 1993a). Thus, tile PRISM technology appears to be easily adaptable to

existing ISV off-gas technology (see Figure 1). The steel .jacket for the plasma torch can be

made any length to cool the gases and extend above existing ISV off-gas hoods, with minor

modification to accommodate raising the torch.

Based on limited data on volatiles from past ex situ experiments, it is expected that the

processing temperature of contaminated soils will be near those typically experienced by ISV

(1500°C to 2000°C) and that volatilization will be similar as well. Volatiles should be

deposited directly onto the water-cooled cylinder of tile torch or along tile borehole casing.

I0



Few volatiles appear to be reieased to the surface during melting due in part to the

condensation surface provided by the cooled electrode jacket. It is likely that as a torch is

raised toward the surface, volatiles will be concentrated along the borehole casing above the

torch. Final near-surface melting should release most of these volatiles to the off-gas system.

In fact, one might want to promote release of these volatiles into the off-gas treatment system

so that no contaminants would be left in the ground untreated. There are few data specific to

PRISM on the potential for the transport of volatile contaminants in the soil surrounding the

melt. However, significant experience in the behavior of volatiles is available through ISV.

This information should be directly transferable to the PRISM concept.

Cost Effectiveness

The cost effectiveness of the PRISM concept will be highly dependent on several

variables relating to the site conditions and the plasma torch system. Many of these have

been described earlier. Preliminary cost estimates have been made for site remediation with

no radioactive material present (see Figure 2). This estimate is approximately $130 per ton.

This information should be combined with the experience of PNL and the private sector to

develop more accurate cost estimates for applications to sites containing radioactive material.
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POTENTIAL BENEFITS

The PRISM concept has significant potential to result ill many operational

improvements over existing technologies. Anticipated benefits include:

I. A simple and straightforward process. Tile plasma torch heats and gasifies soils and

buried wastes beyond the melting point, and solidifies the residue into a rock like solid

which is highly resistant to leaching.

2. Bottom-up melting, which has been identified as advantageous for certain sites

containing buried organic wastes.

3. Spot melting of contaminated zones at any depth to minimize treatment of large volumes

of uncontaminated soil overlying tile wastes. A defined contaminated zone, such as a

migrating conta_hination plume, can be selectively vitrified.

4. Remediate a variety of buried mixed wastes, to include hazardous/toxic wastes, heavy

metals and organics, buried objects and drums, concentrated waste sediments and

sludges, sanitary landfills, radioactive waste,,; and tmderground storage tanks.

5. Minimum exposure to buried contaminants, which can be further lessened by driving or

vibrating pipe piles into the ground to serve as boreholes.

6. High thermal coupling with soil, which would make the process highly efficient and

cost-effective.

7. Operates well under virtually all ground conditions, since PRISM simply heats soil and

waste in the close vicinity of the plasma flame beyond the melting point, independent of

material composition.

12



8. High rate of vitrification and remediation, by using one or more multi-megawatt power

level plasma torches.

9. Significantly reduce the cost of buried waste remediation.

SUMMARY

The PRISM concept of using multi-megawatt plasma arc torches for the in situ

relnediation of contaminated soils and buried wastes is quite promising. There appear to be

significant advantages to the PRISM process over many existing remediation technologies.

PRISM is a simple and straightforward process which should rapidly and efficiently remediate

virtually any buried waste materials at any subterranean depth. Many of the limitations of

other existing or contemplated remediation technologies may be obviated by the PRISM

process. Thus, the development of the PRISM technology offers the potential to target mixed

wastes and buried contaminants that are not safely or economically treatable using currently

available in situ or ex situ technologies. In addition, in situ plasma torch processing of

contaminated materials should be able to adapt much of the technology and equipment

developed by PNL during the ISV program to commercialize the PRISM process in a short

period of time. If successful, the PRISM concept has the potential to truly revolutionize

current concepts of buried waste remediation of terms of effective treatment, reduced cleanup

time, and significant cost savings.
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Figure 1. Schematic illustration of in situ remediation of

contaminated materials using a plasma arc torch.
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PRISM

PROJECTED REMEDIATION COSTS

Q SCENARIO: 1 ACRE CONTAMINATED TO A DEPTH OF 10 FEET

5 MW IN SITU PLASMA TORCH SYSTEM ($10M)

Q Capital Cost (10 yr. life; 6 mo. project) $ 0.5 M

Q Clean Overburden (2 ft.) and Boreholes (400) 0.5 M

• Electric Power (SER=500 KWH/ton; $0.05/KWH) 0.6 M

Labor (5 person/shift, 2 shift opn @ $150 K/mo.) 0.9 M

Q Maintenance (3,000 hrs. operation @ $100/hr.) 0.3 M__
TOTAL COST - $ 2.8 M

COST PER TON-- $ 130

Figure 2. Projected remediation costs for a one acre contaminated site.
1



m m
I I 0




