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1. INTRODUCTION

In the early 1990s, in collaboration with the School of Engineering at the University of California, Berkeley,
Lawrence Livermore National Laboratory developed dynamic underground stripping (DUS), a method for treating
subsurface contaminants with heat that is much faster and more effective than traditional treatment methods. More
recently, Livermore scientists developed hydrous pyrolysis/oxidation (HPO), which introduces both heat and
oxygen to the subsurface to convert contaminants in the ground to such benign products as carbon dioxide, chloride
ion, and water. This process has effectively destroyed all contaminants it encountered in laboratory tests.

With dynamic underground stripping, the contaminants are vaporized and vacuumed out of the ground, leaving
them still to be destroyed elsewhere. Hydrous pyrolysis/oxidation technology takes the cleanup process one step
further by eliminating the treatment, handling, and disposal requirements and destroying the contamination in the
ground. When used in combination, HPO is especially useful in the final “polishing” of a site containing significant
free-product contaminant, once the majority of the contaminant has been removed.



2. BACKGROUND
Lawrence Livermore National Laboratory (LLNL) Gasoline Spill Site:

LLNL recently completed the cleanup and closure of 2 moderate-sized spill site in which thermal cleanup methods,
and the associated control technologies, were used to remediate nearly 8,000 gallons (30,000 L) of gasoline trapped
in soil both above and below the standing water table. The spill originated from a group of underground tanks,
from which an estimated 17,000 gallons (64,000 L) of gasoline leaked sometime between 1952 and 1979. The
gasoline penetrated the soil, eventually reaching the water table, where it spread out. Gasoline trapped up to 30 ft (9
m) below the water table was there due to a rise in the water table after the spill occurred, with the gasoline held
below water by capillary forces in the soil. Groundwater contamination extended about 650 ft (200 m) beyond the
central spill area. The soils at the site are alluvial, ranging from very fine silt/clay layers to extremely coarse
gravels, with unit permeabilities ranging over several orders of magnitude. The site was prepared for long-term
groundwater pump-and-treat with vapor extraction; recovery rates prior to thermal treatment were about 2.5 gal/day
9.5 L /day).

Visalia Pole Yard:

In 1997, DUS and HPO were applied for cleanup of a 4.3 acre (17,000 m®) site in Visalia, California, owned by
Southern California Edison Co. (Edison). The utility company had used the site since the 1920s to treat utility
poles by dipping them into creosote, a pentachlorophenol compound, or both. By the 1970s, it was estimated that
40-80,000 gallons (150,000-300,000 L) of DNAPL product composed of pole-treating chemicals (primarily creosote
and pentachlorophenol) and an oil-based carrier fluid had penetrated the subsurface to depths of approximately 100 ft
(30 m), 40 ft (12 m) below the water table. Edison had been conducting pump and treat operations at the site for
nearly 20 years. While this activity had successfully reduced the size of the offsite groundwater contaminant plume,
it was not very effective at removing the NAPL source. Prior to thermal treatment, about 10 Ib. (4.5 kg) of
contaminant was being recovered per week. Bioremediation of the free-organic liquids is expected be prohibitively
slow (enhanced bioremediation was predicted to take at least 120 years).

3. TECHNICAL CONCEPT
Dynamic Underground Stripping (DUS): mobilization and recovery

Dynamic Underground Stripping combines two methods to heat the soil, vaporizing trapped contaminants.
Permeable layers (e.g., gravels) are amenable to heating by steam injection, and impermeable layers (e.g., clays) can
be heated by electric current. These complementary heating techniques are extremely effective for heating
heterogeneous soils; in more uniform conditions, only one or the other may be applied. Once vaporized, the
contaminants are removed by vacuum extraction. These processes - from the heating of the soil to the removal of
the contaminated vapor - are monitored and guided by underground imaging, which assures effective treatment
through in situ process control.

Hydrous Pyrolysis/Oxidation (HPO): in situ destruction

At temperatures achieved by steam injection, organic compounds will readily oxidize over periods of days to weeks.
By introducing both heat and oxygen, this process has effectively destroyed all petroleum and solvent contaminants
that have been tested in the laboratory. All that is required is for water, heat, oxygen, and the contaminant to be
together; hence the name. After the free organic liquids are gone, this oxidation will continue to remove low-level
contamination. The oxidation of contaminants at steam temperatures is extremely rapid (less than one week for TCE
and two weeks for naphthalene) if sufficient oxygen is present. In HPO, the dense, nonaqueous-phase liquids and
dissolved contaminants are destroyed in place without surface treatment, thereby improving the rate and efficiency of
remediation by rendering the hazardous materials benign by a completely in situ process. Because the subsurface is
heated during the process, HPO takes advantage of the large increase in mass transfer rates, such as increased
diffusion out of silty sediments, making contaminants more available for destruction.

Underground Imaging: process control
Most subsurface environmental restoration processes cannot be observed while operating. Electrical Resistance

Tomography (ERT) has proven to be an excellent technique for obtaining near-real-time images of the heated zones.
ERT gives the operator detailed subsurface views of the hot and cold zones at their site on a daily basis. Heating



soil produces such a large change in its electrical properties that it is possible to obtain images between wells-- -
(inverted from low voltage electrical impulses passed between) of the actual heated volumes by methods similar to
CAT scans. Combined with temperature measurements, ERT provides process control to ensure that all the soil is
treated.

LLNL Gasoline Spill Site: DUS

The DUS application at the LLNL Gasoline Spill Site was designed to remove free-product NAPL. The targeted
volume was a cylinder about 120 ft (36 m) in diameter and 80 ft (24 m) high, extending from a depth of 60 ft (18 m)
to a depth of 140 ft (43 m). The water table is located at 100 ft (30 m). Due to the presence of relatively thick clay-
rich zones, both electrical heating and steam injection were required to heat the target volume.

Visalia Pole Yard: DUS + HPO

Thermal treatment (DUS steam injection and vacuum extraction) was chosen for removal of the free product
contaminant. The overall objectives of thermal remediation of the Visalia Pole Yard are to remove a substantial
portion of the DNAPL contaminant at the site, thereby enhancing the bioremediation of remaining contaminant.
This is expected to significantly shorten the time to site closure as well as improve the accuracy of the prediction of
time to closure. As part of the final removal process, Edison is also implementing hydrous pyrolysis (HPQ), an in
situ method of destroying organic contaminants using small amounts of supplemental air or oxygen. The primary
use of HPO at this site is for destruction of residual pentachlorophenol, which will not readily steam strip due to
high solubility and low vapor pressure. The combination of rapid recovery and thermal destruction is expected to
permit Edison to achieve their cleanup goals, which included termination of groundwater treatment.

A series of noble gas tracer tests were conducted to verify the extent of HPO under field conditions. Evidence of
hydrous pyrolysis/oxidation came from the disappearance of dissolved oxygen, the appearance of oxidized
intermediate products, the production of CO,, and the distinct isotopic signature of the carbon in the CO; produced,
indicating contaminant origin. These results constrain the destruction rates throughout the site, and enable site
management to make accurate estimates of total in sifu destruction based on the recovered carbon using the system-
wide contaminant tracking system being used on the site.

4. ANALYTICAL APPROACH

Standard laboratory analyses were performed on all samples unless noted specifically in the references.

5. RESULTS
LLNL Gasoline Spill Site:

During 21 weeks of thermal treatment operations conducted over about a year, DUS treatment removed more than
7600 gallons (29,000 L) of an estimated 6200 gallons (23,000 L) of gasoline trapped in soil both above and below
the water table. Prior to thermal treatment, separate phase contamination extended to >120 ft (37 m) deep.

Approximately 100,000 yd3 (76,000 m’) were cleaned. The maximum removal rate was 250 gallons (950 L) of
gasoline a day. The process was limited only by the ability to treat the contaminated fluids and vapors on the
surface.

Dynamic underground stripping removed contaminants 50 times faster than with the conventional pump-and-treat
process. The cleanup, estimated to take 30 to 60 years with pump-and-treat, was completed in about one year. As
of 1996, following removal of more than 99% of the contaminant, and achievement of Maximum Contaminant Limit
(MCL) levels in groundwater for five of the six contaminants, the site is being passively monitored under an
agreement with the California Regional Water Quality Control Board (RWQCB), California EPA’s Department of
Toxic Substances Control (DTSC), and the Federal EPA Region 9. These regulatory agencies declared that no
further remedial action is required.

The initial objective of the LLNL DUS demonstration was to remove the separate phase gasoline from the treatment
area. Not only was the separate phase gasoline removed, but the groundwater contamination was reduced to or near
the regulatory limits. Thermal treatment under these conditions did not sterilize the site, and instead led to the
establishment of flourishing indigenous microbial ecosystems at soil temperatures up to 90 “C. The very positive



response of regulators, who provided quick closure authorization for the site, indicates that these methods will'be
accepted for use.

Visalia Pole Yard:

During the first six weeks of thermal remediation operations, between June and August 1997, approximately
300,000 pounds (135 metric tons) of contaminant was either removed or destroyed in place, a rate of about 46,000
pounds (22 metric tons) per week. That figure contrasts sharply with the 10 pounds (0.003 metric ton) per week that
Edison had been removing with conventional pump and treat cleanup methods. In fact, the amount of hydrocarbons

removed or destroyed in place in those six weeks was equivalent to 600 years of pump-and-treat, about 5,000 times
the previous removal rate. :

Edison achieved their initial goal of heating over 500,000 yd’ (380,000 m’) to at least a temperature of 100 °C by
the beginning of August 1997. Uniform heating of both aquifer and aquitard materials was achieved. At this point,
about 20,000 gallons (76,000 L) of free-product liquid had been removed. Vapor and water streams continued to be
saturated with product. Continued destruction by HPO was indicated by high levels of carbon dioxide (0.08 -
0.12% by volume) removed through vapor extraction. Initial destruction accounted for about 300 Ib/day 136
kg/day) of contaminant being destroyed via HPO. Operations were changed to a huff and puff mode, where steam is
injected for about a week, and then injection ceases for about a week while extraction continues. Maximum
contaminant removal is obtained during this steam-off period as the formation fluids flash to steam under an applied
vacuum.

In September, 1997, following the initial contaminant removal by steam injection and vacuum extraction, air was
injected along with the steam to enhance hydrous pyrolysis of the remaining contaminant. [» situ destruction rates
increased to about 800 lb/day (360 kg/day). Recovery/destruction rates matched expectations. By the summer of
1998, decreasing contaminant concentrations indicated that the bulk of the contaminant had been removed from the
main treatment volume. Groundwater concentrations indicated that the site was being cleaned from the periphery
inward, with all but two wells showing contaminant concentrations similar to the pre-steam values by September,
1998. Active thermal remediation of this zone was nearing completion. At this point, Edison chose to begin
injecting steam into a deeper aquifer to heat and remove the remaining contamination that had leaked into the
overlying silty aquitard which represented the “floor” of the initial treatment zone. Contaminant is being recovered
from this aquitard today.

In the ensuing months, recovery rates have remained high. As of March 1999, over 960,000 1b (440,000 kg) or
116,000 gallons of contaminant had been removed or destroyed. About 18% of the total has been destroyed in situ
via HPO. Contaminant concentrations in the recovery wells are decreasing.

Edison plans to continue steam injection through the end of June, 1999, This will be followed by groundwater

pumping, vacuum extraction and air injection to enhance HPO and bioremediation. Monitoring of groundwater
concentrations is expected to continue for a period of 2 to 5 years.

6. HEALTH AND SAFETY

This high-energy system needs to be handled in accordance with standard safety procedures. Monitoring of air
emissions has revealed low emissions with no worker safety or public health impacts.

7. ENVIRONMENTAL IMPACTS

Permits were required for water discharge (treated effluent) and NOy emissions from the boilers. The site is being
remediated under a state-lead Remedial Action Plan (RAP). Vapor is destroyed in the boilers under air permit from
the regional air board. Standard regional groundwater monitoring is conducted to ensure public health protection.
8. COSTS

DUS at the LLNL Gasoline Spill Site:

The first application of dynamic underground stripping at the Livermore gasoline spill site in 1993 cost about $110
per cubic yard ($140 per cubic meter); removing the additional research and development costs suggested the project



could have been repeated for about $65 per cubic yard ($85 per cubic meter). The alternatives would have been- -
significantly higher. Because contamination at the gasoline spill at the Livermore site had migrated downward over
130 ft (40 meters), digging up the contaminated soil and disposing of it would have cost almost $300 per cubic yard
($400 per cubic meter). Soil removal and disposal costs are more typically in the range of $100 to $200 per cubic
yard ($130 to $260 per cubic meter); pump-and-treat method costs are as high as or higher than soil removal costs.

DUS and HPO at the Visalia Pole Yard:

Use of DUS and HPO in combination can permit huge cost savings because HPO eliminates the need for long-term
use of expensive pump and treat treatment facilities by converting some contaminants to benign products in situ and
mobilizing other contaminants. Site operators can adjust process time to enhance removal DUS or in situ
destruction through HPO. Because the treatment is simple, it can be readily applied to large volumes of earth.

Edison has projected the life-cycle cost of steam remediation at the Visalia pole yard to be under $20 million, which
includes all construction, operation and momtormg actlvmes The total treatment zone includes about 800,000 yd’
(600,000 m”) of which about 400,000 yd’ (300,000 m’) contained DNAPL contamination. Approximately $4.2
million was spent on capital engineering, design, construction, and startup. In addition, about $12 million had
been spent on operations, maintenance, energy (gas and electric), monitoring, management, engineering support, and
regulatory interface by the end of 1998. Since Edison (the site owner) has acted as primary site operator for the
cleanup, the aforementioned project costs do not reflect a profit in the overhead costs. Post-steaming operations will
consist of the operation of the water treatment system for an expected duration of two to five years to demonstrate
compliance with the California State EPA Remediation Standards. The annual operations and maintenance costs for
the water treatment plant is $1.2 million. The previously-approved cleanup plan of pump and treat with enhanced
bioremediation was expected to cost $45 million (in 1997 US dollars) for the first 30 years; it was expected to take
over 120 years to complete the cleanup.

The Visalia pole yard cleanup is the only commercial application of this method to date, but indications are that
large scale cleanups with hydrous pyrolysis/oxidation may cost less than $25 per cubic yard ($33/m’), an enormous
savings over current methods. Perhaps the most atiractive aspect of these technologies is that the end product of a
DUS/HPO cleanup with bioremediation as a final step is expected to be a truly clean site.

9. CONCLUSIONS

Breakthrough cleanups of seemingly intractable contaminants are now possible using a combined set of thermal
remediation and monitoring technologies. This “toolbox” of methods provides a rapid means to clean up free
organic liquids in the deep subsurface. Previously regarded as uncleanable, contamination of this type can now be
removed in a period of 1-2 years for a cost less than the many-decade site monitoring and pumping methods it
replaces. The groundwater polishing by HPO provides the means to completely clean serious NAPL-contaminated
sites.

The gasoline spill demonstration clearly showed that thermal methods can quickly and effectively clean a
contaminated site. With respect to the Visalia Pole Yard cleanup, tremendous removal rates have been achieved.
More than 970,000 1b. of contaminants was removed or destroyed in about 20 months of operations; previous
recovery amounted to 10 Ib/week. Contaminant concentrations are dropping in the extraction wells; the site is
cleaning from the periphery inward. Site management plans to terminate active thermal treatment soon, returning to
pumping and monitoring the site. The expectations are that groundwater treatment will no longer be necessary after
a few years.

The Visalia field tests confirmed in situ HPO destruction in soil and ground water at rates similar to those observed
in the laboratory, under realistic field remediation conditions. HPO appears to work as fast as oxygen can be
supplied, at rates similar to those measured in the laboratory. The predictive models used to design HPO steam
injection systems have been validated by using conservative tracers to confirm mixing rates, oxygen consumption,
CO; release, and effects of real-world heterogeneity. Accurate field measurements of the critical fluid parameters
(destruction chemistry, oxygen content, steam front location) were demonstrated, using existing monitoring wells
and portable data systems with minimal capital cost.

Several sites are designing DUS/HPO applications similar to Visalia. These include both solvent and pole-treating
chemical contaminated sites, ranging in depth from relatively shallow (<40 ft (10 m)) to relatively deep (>185 ft (56
m)). In January 1999, steam injection began at a relatively shallow (>35 ft (11 m)) site in Ohio in which DNAPL
TCE is being removed.
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