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EXECUTIVE SUMMARY

This Certified for Construction Remedial Design Report has been prepared for the C-400 Cleaning
Building Interim Remedial Action (IRA) at the Paducah Gaseous Diffusion Plant (PGDP) in Paducah,
Kentucky. The IRA, which includes electrical resistance heating (ERH) as the primary treatment
technology, was chosen in accordance with the Comprehensive Environmental Response, Compensation,
and Liability Act of 1980 and is the response action selected in the Record of Decision for Interim
Remedial Action for the Groundwater Operable Unit for the Volatile Organic Compound Contamination
at the C-400 Cleaning Building at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky (ROD),
DOE/OR/07-2150&D2/R2 (DOE 2005a).

The IRA includes the design, installation, operation, and subsequent decommissioning of an ERH system
to selectively heat discrete (vertical and horizontal) subsurface intervals resulting in the volatilization,
removal, and recovery of volatile organic compounds (VOCs), primarily trichloroethene (TCE) and its
breakdown products, from the C-400 treatment area.

The ERH system is comprised of a network of electrodes to be placed in the subsurface treatment area
located to the southwest, southeast, and east of the C-400 Cleaning Building. The subsurface treatment
area is broken down into three specific treatment areas that are referred to in this report as the southwest,
southeast, and east treatment areas. Within the three treatment areas, there are treatment zones at various
depths below ground surface (bgs) that the electrodes will treat (see Section 2.1 in the main text for
additional information and a figure). Power delivery systems will supply power to the electrodes, which,
in turn, will generate resistive heat in the subsurface soils. As a result of the resistive heating, VOCs will
be volatilized and steam will be produced in situ; the VOCs and steam subsequently will be captured via a
series of soil vapor extraction (SVE) wells. The captured vapors will be treated through an aboveground
vapor treatment system. The vapor stream will be treated such that the VOCs and steam are condensed
and the VOCs are captured. A nominal amount of groundwater will be extracted to establish and maintain
hydraulic control in the Regional Gravel Aquifer (RGA). Extracted groundwater will be treated in an
aboveground liquid treatment system. A portion of the treated water will be injected back into the
electrodes to maintain electrical conductivity and facilitate heat transfer by convection. The balance of the
treated groundwater will be discharged through a permitted outfall.

A phased deployment of ERH will be implemented. The first phase (Phase I) will implement the design
presented in this report, referred to as the base design, in the southwest and east treatment areas. In
addition to removing VOCs from these areas, another important objective of Phase I will be to evaluate
the heating performance of the base design through the RGA down to the McNairy Formation interface in
the southwest treatment area. In addition to evaluating heating performance in the RGA, operation of
Phase I also will provide the opportunity to evaluate the radius of influence of the vapor recovery system,
assess hydraulic containment, and optimize the aboveground vapor/liquid treatment system. Treatment in
the east treatment area involves only the Upper Continental Recharge System. Lessons learned from
Phase I will be evaluated and appropriate contingency actions will be identified for implementation prior
to start up of the second phase (Phase II) near the southeast corner of the C-400 Cleaning Building. If
contingency actions result in significant changes to the design, the DOE project team will consult with
Federal Facility Agreement (FFA) representatives from the U.S. Environmental Protection Agency (EPA)
and the Kentucky Department for Environmental Protection (KDEP) for approval and to determine what,
if any, additional documentation may be required prior to implementation of the changes. Example
contingency actions that will be used to address potential heating and operational deficiencies that may be
experienced during Phase I are included in Section 2.3. These contingency actions describe the potential
changes to the base design, installation, and operation that would be implemented in Phase II in response
to lessons learned during Phase 1. For example, a possible contingency response to higher than expected
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groundwater flow conditions at the base of the RGA could be to install electrodes a short distance into the
McNairy Formation. A list of potential contingency actions is presented in the C-400 Remedial Action
Work Plan.

This Certified for Construction Remedial Design Report provides a detailed design of the IRA system
including ERH components with specific locations determined for subsurface components such as
electrodes, extraction wells, temperature monitoring equipment, and water level monitoring equipment.
This design report also provides a detailed performance specification for the aboveground vapor/liquid
treatment system that describes the influent and effluent design criteria, specifies the appropriate liquid
and vapor phase treatment technology, defines the treatment process flow, and presents preliminary
process monitoring and control functions. Due to the potential for significant interference during
installation caused by existing underground and overhead utility locations, active PGDP operations at the
C-400 Cleaning Building, and train and cylinder hauler traffic in the treatment area, final engineering
activities and installation of the vapor/liquid treatment system and mechanical/electrical connections to
the ERH treatment components will be field engineered, similar to the methodology used for the Six-
Phase Treatability Study.

Consistent with the approved Remedial Design Work Plan for the Interim Remedial Action for the
Volatile Organic Compound Contamination at the C-400 Cleaning Building at the Paducah Gaseous
Diffusion Plant, Paducah, Kentucky, DOE/OR/07-2214&D2 (DOE 2005b), additional information
regarding health and safety, waste management, quality assurance, data management, and environmental
compliance for this IRA can be found in the C-400 Remedial Action Work Plan.

The remediation goal for this interim action, as documented in the ROD, is to operate the ERH system
until monitoring indicates that heating has stabilized in the subsurface and that recovery of TCE, as
measured in the recovered vapor, diminishes to a point at which further recovery is at a constant rate
(i.e., recovery is asymptotic). At asymptosis, continued heating would not be expected to result in further
significant reduction of toxicity, mobility, or volume of the zone of contamination. The ROD directs that
remedial action design documents include criteria setting forth the requirements and approach that will
apply for determining when asymptosis is achieved and heating stabilization has occurred, signaling when
operation of the IRA system will cease. Each of the three treatment areas, the southwest, southeast, and
east, will be evaluated independently with regard to meeting the criteria for ceasing operations.

The first part of the remediation goal stated herein is to operate the ERH system until monitoring
indicates that heating has stabilized. The heating stabilization goal for Phase I is defined as follows:

o Temperatures in the soil above the potentiometric surface of the RGA (approximately 53 ft bgs at the
C-400 Building) are at or above 90 °C (194 °F). The boiling point of free-phase TCE is 87 °C (189 °F)
at sea level pressure conditions.

o Temperatures below the potentiometric surface are at or above the boiling point of the free-phase
TCE at the depth of treatment [e.g., approximately 87 °C (189 °F) at the potentiometric surface and
approximately 115 °C (239 °F) at 98 ft bgs].

o The target temperatures at each depth interval will be verified by 90% of the digital temperature
monitoring sensors installed at 3-ft intervals throughout the heated volume.

o The target temperatures presented in bullets one and two are maintained for the period of time
necessary to achieve asymptosis, as defined below.



Contingency measures will be implemented in an effort to accomplish the required heating, if the
temperature goals are not achieved or maintained until asymptotic recovery in the vapor phase has been
accomplished. These contingency measures may include directing additional power to electrodes in
problem areas, efforts to restore power to a failed electrode, or increasing the power to electrodes in the
vicinity of a failed electrode. Once asymptosis has been achieved during Phase I at temperatures at or
above the boiling point of TCE at depth, DOE will test the ability of the system to achieve boiling point
of water at depth as a means of evaluating the design capability. Data captured during this effort would be
used by DOE in consultation with EPA and KDEP prior to the start up of Phase II to determine the
viability of establishing a higher temperature target for the possibility of continuing treatment to reduce
the dissolved-phase plume after the Phase II goals have been achieved.

The second part of the remediation goal is asymptotic recovery of TCE in vapor. Asymptotic conditions
will be identified based on visual inspection of data plots showing TCE mass removal rate and TCE vapor
concentration versus time for individual vapor recovery wells. When the slopes of the curves presented in
these data plots approach zero at a slow rate of change, the curves are at asymptosis. At asymptosis, the
rate of TCE recovery is constant. Groundwater TCE concentrations and mass recovery in groundwater
also will be evaluated as indicators of when the point of diminishing returns in TCE mass recovery is
being approached.

Vapor recovery and groundwater extraction wells will be monitored routinely throughout heating
operations to monitor progress and to develop data plots for use ultimately in identifying when
asymptosis has been achieved. These activities will be included in a detailed monitoring plan in the O&M
Plan. TCE concentrations in recovered vapor initially will increase as the subsurface is heated to and
above the boiling point of TCE in the vadose zone and to the boiling point of free-phase TCE, adjusted
for pressure, below the water table. Over time, the TCE vapor concentration and mass recovery rate will
decrease to an initial asymptotic level, which will be determined by the project engineer to ensure
required operational flexibility. At this point, the system will undergo a “pulsed operation,” whereby
vapor recovery will be reduced or stopped for a period of time to allow the subsurface to equilibrate.
When the vapor recovery flow rate is increased to previous levels, the TCE vapor concentration may
rebound to a level above where it settled at asymptosis. System operations will continue until recovery
again decreases to an asymptotic condition. This process may be repeated several times depending on the
significance of the rebound increment as compared to the asymptotic level for vapor concentration and
mass recovery rate before pulsed operation.

When the body of evidence, consisting of data plots of TCE mass removal rate and TCE vapor
concentration versus time, groundwater concentration, and statistical analyses results, indicates that the
remediation goal, as stated in the ROD, has been achieved, the DOE project team will seek concurrence
from EPA and KDEP that the remediation goal has been met. The parties agree to target a 30-day time
frame for review and concurrence that the remediation goal has been met. The three parties will consult
with one another to reach consensus as to whether the system should remain in operation after the
remediation goal has been met and, if so, under what conditions.

In compliance with an agreement among Paducah Federal Facility Agreement parties, the C-400 Land

Use Control Implementation Plan (LUCIP) is appended to this Remedial Design Report. The LUCIP is
included as Appendix H.

Xi
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1. INTRODUCTION

The Paducah Gaseous Diffusion Plant (PGDP), located approximately 16.1 km (10 miles) west of
Paducah, Kentucky, and 5.6 km (3.5 miles) south of the Ohio River in the western part of McCracken
County, is an active uranium enrichment facility owned by the U.S. Department of Energy (DOE).
Bordering the PGDP to the northeast, between the plant and the Ohio River, is the Tennessee Valley
Authority Shawnee Steam Plant.

The C-400 Cleaning Building is located inside the plant secured area, near the center of the industrial
section of PGDP. The building is bound by 10" and 11™ Streets to the west and east, respectively, and by
Virginia and Tennessee Avenues to the north and south, respectively.

The C-400 Cleaning Building Interim Remedial Action (IRA) will be conducted near the southeast and
southwest corners of the C-400 Cleaning Building area of PGDP in the areas identified as the southwest
treatment area, southeast treatment area, and east treatment area on Figure 1. These areas have been
identified as the major sources of groundwater contamination by trichloroethene (TCE) and other volatile
organic compounds (VOCs) at PGDP. A major component of the selected remedy is the reduction of the
concentration of TCE and other VOCs in the soils in the C-400 Cleaning Building area through removal
and treatment using electrical resistance heating (ERH) in both the Upper Continental Recharge System
(UCRS) and the Regional Gravel Aquifer (RGA).

Also, included within the IRA is the execution of a remedial design support investigation (RDSI), which
is discussed further in Section 1.3, and the removal of interfering infrastructure near the C-400 Cleaning
Building. The RDSI, which was completed in August 2006, further delineated areas of high TCE
concentration to refine the placement of electrodes. The infrastructure removal activities will include
dismantling and removing a bridge crane, removing a TCE tank and associated concrete, removing a TCE
pumping station, excavating a concrete sump, removing aboveground secondary containment pits, and
demolishing and removing a rail tanker unloading platform shown on Figure 1. Removal of this
infrastructure will allow more flexibility in actual placement of remedial system components and reduce
overhead hazards. Asphalt covering will be applied to the grassy areas surrounding the Treatability Study
area once infrastructure removal activities are complete. The asphalt covering will be applied in response
to lessons learned from the Six-Phase Treatability Study. During the Six-Phase Treatability Study, influx
of sediments into the treatment system clogged system components, resulting in system shutdown. The
recommendation to solve this problem in the design of a full-scale application was to incorporate a
treatment area cap where shallow vapor recovery is necessary. Consistent with this recommendation, an
asphalt covering will be used; however, other options listed in the recommendation such as plastic
sheeting or concrete, also may be used as necessary.

1.1 REGIONAL GEOLOGY AND HYDROGEOLOGY

The PGDP, including the C-400 area, is underlain by a sequence of clay, silt, sand, and gravel layers
deposited on limestone bedrock. The sediments above the limestone bedrock are grouped into three major
stratigraphic units (loess, Continental Deposits, and McNairy Formation) and three major hydrogeologic
units (UCRS, RGA, and McNairy Flow System) as shown in Figure 2.

Across the PGDP site, the upper-most stratigraphic unit consists primarily of wind-deposited, clayey silt,
known as loess, extending from the surface to a depth of approximately 6.1 m (20 ft) below ground
surface (bgs). Fill material, when present, is included in this unit. Beneath the loess, the Upper
Continental Deposits, a subunit of the Continental Deposits consisting of discontinuous sand and gravel
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layers within a sequence of silts and clays, extends to an average depth of 19.8 m (65 ft) bgs. The Lower
Continental Deposits, also a subunit of the Continental Deposits, is a highly permeable layer of gravelly
sand or chert gravel, typically extending from approximately 19.8 to 28.0 m (65 to 92 ft) bgs. Below the
Continental Deposits is the McNairy Formation, a sequence of silts, clays, and fine sands that extends
from approximately 28.0 to 106.7 m (92 to 350 ft) bgs. These depths represent general conditions; depths
vary at specific locations.

Groundwater flow through the loess and the Upper Continental Deposits is predominately downward into
the Lower Continental Deposits. The groundwater flow system in the loess and the Upper Continental
Deposits is called the UCRS.

Groundwater flow in the Lower Continental Deposits is generally northward toward the Ohio River,
although there is variability in groundwater flow as evidenced by the existence of multiple groundwater
plumes, as discussed in Section 1.2. The groundwater flow system in the Lower Continental Deposits is
called the RGA and constitutes the uppermost aquifer beneath PGDP and the adjacent area to the north.

The UCRS is subdivided into layers consisting of the loess and the underlying Upper Continental
Deposits. Sand and gravel lenses are separated from the underlying RGA by a 3.7- to 5.5-m (12- to 18-ft)-
thick silty or sandy clay aquitard. This aquitard reduces the vertical flow of groundwater from the sand
and gravel units of the UCRS to the gravels of the RGA. The RGA consists of a basal sand member of the
Upper Continental Deposits and the thick sand and gravel member of the Lower Continental Deposits.
Below the RGA is the McNairy Flow System, which corresponds to the McNairy Formation. High
contrast of hydraulic conductivity between the conductive Lower Continental Deposits and relatively
nonconductive McNairy Formation limits flow between the Lower Continental Deposits and the
McNairy. The middle portion of the McNairy Formation (the Levings Member, not shown in Figure 2)
generally is considered an aquitard in the McNairy Flow System.

The depth of the shallow water table within the UCRS varies considerably across PGDP. In the C-400
area, ground covers (i.e., asphalt and concrete) and engineered drainage (i.e., storm sewers) limit rainfall
infiltration. Many wells in the central and west areas of PGDP, including the C-400 area, define the site’s
water table trends. In MW 157, which monitors the water table depth directly at the south end of C-400,
the water table depth averages 9.4 m (31 ft).

The RGA potentiometric surface slopes to the north beneath PGDP. In the area of C-400, the depth of the
RGA potentiometric surface is approximately 16.2 m (53 ft) bgs, as documented in the Final Report Six-
Phase Heating Treatability Study at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky (DOE
2004).

1.2 TREATMENT SITE LOCATION

Previous site investigations have identified three groundwater contaminant plumes resulting from past
activities at PGDP. All three plumes are characterized by TCE contamination in the RGA. Two of these
plumes, identified as the Northwest Plume and the Northeast Plume, receive considerable contaminant
loading from TCE source areas southeast and southwest of the C-400 Building. Groundwater flow
directions for these two plumes are shown on Figure 3. The other identified groundwater plume, the
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Southwest Plume, is located west of the C-400 Building and south of the Northwest Plume; TCE and
other VOCs from the C-400 Cleaning Building also contribute to the Southwest Plume.'

The Waste Area Grouping (WAG) 6 Remedial Investigation (RI), as well as other investigations and
studies, characterized the nature and extent of contamination around the C-400 Building (DOE 1999).
Sample analyses from the WAG 6 RI indicate that the primary site-related VOCs in the subsurface soil
and groundwater in the C-400 Building area are TCE and its degradation products (trans-1,2-
dichloroethene, cis-1,2-dichloroethene, and vinyl chloride) and 1,1-dichlorethene (1,1-DCE). The WAG 6
RI concluded that there are zones of dense nonaqueous-phase liquid (DNAPL) TCE in the UCRS and
RGA adjacent to and potentially beneath the C-400 Building. The Feasibility Study for the Groundwater
Operable Unit at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky, DOE/OR/07-1799&D?2,
(DOE 2001) presents a summary of the characterization data for the C-400 area DNAPL zones and
documents the DNAPL conceptual models for the area.

The data from the WAG 6 RI, as well as other investigations and studies, indicate that DNAPL zones in
the southeast corner of the C-400 area account for the majority of the mass of DNAPL. High
concentrations of TCE in several RGA groundwater wells and the collection of DNAPL from an RGA
monitoring well (MW), MW408,? shown on Figure 1, demonstrate that DNAPL is located in the UCRS
and extends into the RGA. As part of the WAG 6 RI, UCRS soil was characterized and shown to be a
residual source of DNAPL. Figure 4 presents a contour map of maximum TCE concentrations detected in
UCRS soil near the C-400 Building from the WAG 6 RI report.

Well cluster MW155 (lower RGA), MW156 (upper RGA), and MW157 (UCRS), located near the
southeast corner of C-400 (Figure 1), has documented local TCE trends since 1991. Beginning in 1991
and continuing through 1995, dissolved TCE levels in the UCRS (MW157) and upper RGA (MW156)
commonly exceeded 400,000 ppb. Meanwhile, TCE levels in the lower RGA (MW155) typically were
2,000 ppb or less. The TCE levels in the upper RGA have declined steadily to less than 10,000 ppb in
2006. Recent TCE trends in the UCRS are undocumented. MW 157 (UCRS) was last sampled in 1997.
Lower RGA TCE levels began rising in 2002 to greater than 10,000 ppb in 2006. The TCE analyses of
MWI155 and MW156, in conjunction with TCE analyses from monitoring in other on-site PGDP
monitoring wells, establish the directions of the TCE plumes that map the dominant groundwater flow
pathways. The primary groundwater flow direction passing through the southeast corner of C-400 is to the
northwest (with the Northwest Plume).

1.3 REMEDIAL DESIGN SUPPORT INVESTIGATION

The purpose of the RDSI was to improve the ERH design by determining the subsurface soil conditions
and the presence and relative concentration of VOCs in the UCRS, the RGA, and the RGA/Upper

! The evidence for a C-400 source to the Southwest Plume is the presence of dissolved TCE and technetium-99
(*Tc) groundwater contamination in the RGA, upgradient of the C-747 Contaminated Burial Yard. No other
potential source is known. The hydraulic gradient at C-400 toward the Southwest Plume is slight. The predominant
groundwater flow direction in the area south of C-400 is to the northwest.

> MW408 is a multiport well, capable of supporting low-flow sampling, but inadequate to provide any appreciable
groundwater or DNAPL recovery. TCE trends in MW408 indicate that pooled DNAPL accumulated within the basal
sample interval of MW408 (completed within the McNairy Formation) for a period of four months during the Six-
Phase Heating Treatability Study. Subsequent sampling of the basal sampling port in MW408 has recovered TCE
levels indicative of residual DNAPL occurrence.
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McNairy interface. This investigation used membrane interface probe (MIP) technology. MIP technology
readily collects soil conductivity profiles and VOC data from the UCRS, the RGA, and the McNairy with
minimal generation of investigation-derived waste. Figure 5 shows locations of the MIP borings around
the C-400 facility. Soil conductivity logs of each boring were a means to discriminate lithologic intervals
and a primary criterion for determining the completion depth of MIP borings that extended through the
RGA. In one instance where conventional drilling techniques were utilized, as opposed to direct push
technology, gamma ray logging was performed to determine lithologic intervals. Appendix A contains
additional detail regarding results from the RDSI.

Geoprobe direct push soil sample rigs were used to deploy the MIP probes. For the RDSI, the Geoprobe
rods were equipped with a shock damper to lessen stress on the MIP probe. Initial attempts with the MIP
probe/Geoprobe system met refusal at depths ranging from 20 ft to 40 ft.

In attempting innovative methods to accomplish the RDSI, the investigation drillers found that standard
Geoprobe rods with a slightly smaller diameter than that of the MIP probe and without the shock damper
could be used to “pre” probe the sample locations to the planned depth. Thereafter, the investigation team
was able to drive the MIP probe to the planned depths in “pre” probed soil borings at all locations. The
MIP characterization data from the “pre” probed borings showed excellent response on all three organic
chemical detectors (all three detectors demonstrated significant response to increasing VOC levels within
the range of delineation of each detector) and definitive soil conductivity measurements. Intervals of high
chemical detector response frequently presented significant detail with variations correlated to changes in
lithology as defined by the soil conductivity log (as anticipated in undisturbed soils). The detailed
responses, correlated to lithologic intervals, provided assurance that the "pre" probe process was not
smearing DNAPL downward within the boreholes.

Damage to MIP tooling (i.e., MIP probe and carrier gas tubing) sometimes occurred during
characterization of the RGA due to the extended stress on MIP tooling that was required to penetrate the
geology encountered in the RGA. When equipment failures were encountered, advancement of the boring
was terminated immediately. The failure then was evaluated to determine if tooling withdrawal was
required to correct the problem. Often times, the problem could be corrected without withdrawing the
MIP tooling from the boring. This sometimes was accomplished by reversing the airflow through the
carrier gas tubing to remove obstructions that may have entered the system. When this approach was
unsuccessful or other problems (i.e., heater failure, torn membrane, etc.) existed that couldn’t be repaired
from ground surface, the tooling had to be withdrawn and repaired. Once repaired, the tooling was
advanced back to the depth interval where the problem began. Characterization of the subsurface then was
reinitiated at that depth interval. No negative impact to the quality of the MIP data occurred as a result of
the withdrawal/repair process. MIP tooling advanced into the subsurface was irretrievable in five separate
locations and had to be abandoned in place. Only two of the locations are within proposed treatment
areas. If it is determined during installation of the ERH system that these two tooling strings may interfere
with operation of the ERH system, attempts will be made to over drill and recover them.

A MIP probe consists of a heating element and permeable membrane. VOCs diffusing through the MIP
probe membrane are routed through tubing containing a carrier gas to a service truck at land surface
containing organic chemical detectors. Detectors utilized in the RDSI included an electron capture
detector (ECD), a flame ionization detector (FID), and a photoionization detector (PID). Each detector’s
response is reported in microvolts (uV). All three detectors responded to soil contamination by
chlorinated solvents (such as TCE) to varying degrees (Figure 6). The ECD is the most sensitive of the
detectors to chlorinated solvents, but also was the first detector to become saturated, which made it unable
to detect higher levels of contamination. As used in the RDSI, the ECD’s effective response ranged up to
1.3 x 107 uV (equivalent to approximately 2.7 x 10° uV on the PID detector in the saturated zone). An
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FID typically is suited to soil contaminants like methane and butane and generally proved to be the least
responsive to soil contamination by chlorinated solvents. The FID response in the saturated zone
commonly was approximately one half that of the PID. The PID is commonly used for investigation of
soil contamination resulting from gasoline-related spills, but also is sensitive to chlorinated solvents and
yielded good characterization of the primary TCE DNAPL zones. Example logs showing conductivity
response [milliSiemens/meter (mS/m)] and PID response (uV) are shown in Figure 7 for MIP locations
MIP-04 and MIP-07. Figure 8 shows how conductivity readings from the MIP logs were used to
discriminate lithologic intervals. Note that contact with the RGA/Upper McNairy interface is clearly
distinguishable by the sudden increase in conductivity response at approximately 100 ft.

During the RDSI, 18 MIP borings were completed through the UCRS to a depth of approximately 55 ft
(16.7 m) bgs and 33 MIP borings were completed to the base of the RGA at an approximate depth of 100
ft (30.5 m) bgs in accordance with Remedial Design Support Investigation Characterization Plan for the
Interim Remedial Action for the Volatile Organic Compound Contamination at the C-400 Cleaning
Building at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky, DOE/OR/07-2211&D2, (DOE
2005c¢). This plan optimized the location and depth of the MIP borings to complement the characterization
data from the WAG 6 RI. Four of the 33 MIP borings completed to the base of the RGA were
contingency borings that were required to assess uncertainties within the RGA. These contingency
borings are shown on Figure 5 as MIP-48, MIP-50, MIP-51, and MIP-52. Contingency boring MIP-50
assessed residual VOC levels in the RGA in the area of the Six-Phase Treatability Study. The other three
contingency borings delineated the southern extent of a basal RGA DNAPL pool in the southeast area of
the C-400 facility. In total, the MIP borings characterized 4,200 ft of soil column.

Figure 9 shows the locations for MIP borings in a three-dimensional aspect that displays the vertical
extent of the MIP borings. Also shown on Figure 9 is the color coded PID response at each of the MIP
borings.

To evaluate MIP data, the maximum PID response values over five ft depths were contoured in intervals
of 1 x 10° pV. Review of the PID contour maps for the vadose zone (20 to 25 ft and 25 to 30 ft depth
intervals) and comparison of results to the conceptual site model developed using WAG 6 RI data
indicates that the contours of 2 x 10° uV (PID) delineate DNAPL occurrence . Similarly, a review of the
PID contour maps for the saturated zone (five ft intervals between 30 ft and 100 ft bgs) and comparison of
results to the conceptual site model developed using WAG 6 RI data indicates that the contours of 9 x 10°
uV (PID) define areas of DNAPL in the saturated zone.

This criterion closely matched the experience of representatives of the MIP subcontractors who reported
that areas with TCE contamination characterized as 1 x 10’ pV by the PID commonly were DNAPL
zones. Figure 10 shows examples of the interpreted DNAPL source zones on MIP logs from the vadose
and saturated areas for location MIP-04 compared to readings for MIP-07 in which no DNAPL source
zones were identified based on the before-mentioned criteria for DNAPL source zone delineations. Based
on the MIP results and interpreted DNAPL source zones, a three-dimensional presentation of DNAPL
source zones was defined as shown in Figure 11. Figure 12 shows the three-dimensional DNAPL source
zone in relation to the C-400 Cleaning Building. This definitive DNAPL source zone delineation
interpreted using data collected during the RDSI, coupled with data from previous investigations, has
been assessed to delineate the areas of high TCE concentration more accurately, thereby allowing the
design team to optimize placement of ERH electrodes, vapor recovery wells, and other subsurface
components. Further detail concerning the MIP data interpretation is provided in Appendix A.

MIP results from the RDSI were used to delineate the extent of TCE soil contamination. The results are
critical to interpreting the distribution of TCE DNAPL and the topography of the base of the Continental

11
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Deposits south of the C-400 Building. These data characterize the three-dimensional aspects of the TCE
DNAPL source zones and demonstrate that the residual TCE distribution is consistent with the conceptual
model from the WAG 6 RI. Moreover, the data show that the vertical extent of the DNAPL does not
extend downward appreciably (0 — 1 ft) into the McNairy Formation below the primary RGA DNAPL
pool at the base of the RGA. The MIP profile for boring MIP-14 (Figure 13) demonstrates these
relationships in the lower RGA and upper 3 ft of the McNairy Formation.

1.4 CONCEPTUAL SITE MODEL

The WAG 6 RI and PGDP Groundwater Operable Unit Feasibility Study established the basis of the
conceptual site model for the TCE contamination of the south end of the C-400 Building. Refer to Figure
14 for an illustration of this conceptual site model. These are the primary resources that were incorporated
into the map of the area to be addressed by the Record of Decision for Interim Remedial Action for the
Groundwater Operable Unit for the Volatile Organic Compound Contamination at the C-400 Cleaning
Building at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky (ROD), DOE/OR/07-2150&D2/R2
(DOE 2005a). This area is defined by the hatched area on Figure 15.

Soil analyses for the WAG 6 RI document that the primary organic compounds in the DNAPL source
zones and other areas of contaminated soil are TCE and degradation products of TCE. TCE is the most
common soil contaminant in UCRS soil samples and the dominant dissolved contaminant in RGA water
samples.

Combined data from the WAG 6 RI and the RDSI (Figure 16) identify two main TCE DNAPL source
zones and four other areas of TCE soil contamination at the south end of the C-400 facility. In each of the
main TCE DNAPL zones, the DNAPL mass migrated downward through the UCRS. An illustration of
this process is shown in Figure 14. Figure 17 shows the DNAPL source zones delineated from the WAG
6 RI and RDSI results. The larger of the two DNAPL source zones is suspected to be associated with
leaking piping of a TCE transfer pump near the southeast corner of C-400 (Sector 4). This DNAPL spill
has affected a large area, potentially including the UCRS soils below C-400. A large mass of DNAPL
associated with the spill traveled to the southwest in the shallow UCRS soils until encountering a pathway
for downward migration in the vicinity of RDSI boring MIP-16.° It is suspected that repeated spills from
the TCE transfer pump provided enough spill mass that DNAPL penetrated to the base of the RGA and
formed a DNAPL pool at the contact of the RGA and underlying McNairy Formation. A depression in the
RGA/McNairy Formation contact created a structural trap for the DNAPL pool in the area of RDSI
borings MIP-13, MIP-14, MIP-17, and MIP-48.* Because the RGA/McNairy Formation contact slopes
southward on the south side of the C-400 Building, pooled DNAPL at the base of the RGA, from spills
associated with the TCE transfer pump, did not migrate under the C-400 Building.

? Groundwater flow is known to be near vertical in response to the large downward hydraulic gradient that is
common at PGDP. Conversely, the TCE DNAPL is not a “wetting” fluid in the soil-groundwater-DNAPL system
and cannot readily penetrate downward in soils with small interstitial spaces. Although DNAPL moves in response
to gravity, vertical flow is strongly influenced by the size and connection of soil porosity. The DNAPL moved
laterally in a horizon of DNAPL-permeable soil until it encountered a deeper zone of increased permeability that
allowed vertical migration.”

4 Figure 7 of Appendix A presents a structure contour map of the base of the Continental Deposits (base of the
RGA).
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The other DNAPL source zone is suspected to be associated with a storm sewer system that serves the
west side of C-400 in the southwest area. WAG 6 RI soil analyses and RDSI soil boring logs (Figure 18)
indicate that DNAPL migrated through the bedding material of the storm sewer that serves the west side
of C-400 and penetrated underlying soils in the area of boring MIP-04. The DNAPL zone extends through
the UCRS. It appears as though this TCE spill had insufficient mass for the DNAPL to penetrate the
RGA. Analyses completed since issuance of the 60% Remedial Design Report have established that the
shallow soils adjacent to the storm sewer system leading away from the west side of the C-400 Building
do not contain a significant DNAPL mass. The shallow soils adjacent to the west side storm sewer,
therefore, no longer are included in the remedial design.

Additional areas of TCE-contaminated soil include the Solid Waste Management Unit (SWMU) 11 TCE
Leak Site, 400-016 (WAG 6) Area, 400-163 (WAG 6) Area, and the TCE tank area. SWMU 11 is the
location of a former breach in a storm sewer on the east side of C-400. Effluent from a sump in the
vicinity of a large TCE degreaser in the C-400 Building inadvertently was piped to the storm sewer,
possibly beginning in the early 1950s. Repeated releases created a DNAPL pool in the storm sewer
backfill beneath the breach in the storm sewer. This DNAPL was able to penetrate only the soils
immediately adjacent to and beneath the storm sewer. Site construction uncovered the TCE leak in 1986.
A subsequent removal action excavated approximately 9,200 ft* of TCE-contaminated soil and bedding
material. The main excavation area measured approximately 20 ft wide (east to west) by 40 ft long (north
to south). A 10 ft wide trench, centered on the storm sewer, was dug 16 ft deep to expose the pipe, which
lay 13 ft below original grade. The remainder of the excavation was 7 ft deep. Concern for the stability of
nearby structures (11™ Street and a TCE tank pad) limited the extent and depth of the excavation. PGDP
backfilled the excavated area with clean fill material and capped the area with a layer of clay after
excavation activities were completed. The fill material and clay cap approximate the textures of the area
shallow soils.

The SWMU 11 removal action recovered a significant portion of the DNAPL. Forty 55-gallon drums
were used to containerize excavated contaminated soil. TCE concentrations were as high as 700,000
ug/kg in soil samples collected adjacent to and below the storm sewer line. Note that this contamination
level is reported as representative of both the excavated soil adjacent to the storm sewer and the soils
remaining below the storm sewer after the excavation. Some contaminated soil is known to have been left
in place. MIP results document the presence of a discrete DNAPL zone at the base of the UCRS that is
associated with SWMU 11. Figure 17 shows the location of the source zones discussed above, which
were delineated based on results from the RDSI and WAG 6 RI.

1.5 DNAPL MASS ESTIMATE

The MIP profiles are a qualitative measure of VOCs that are not directly correlated to TCE levels, but
provide a basis for the site-specific conceptual models of DNAPL occurrence and the definition of extent
of the DNAPL source zones. Appendix A of this Remedial Design Report presents the measurements and
assumptions that have been applied to the conceptual model to estimate the DNAPL volumes that are
present in the ERH area. Table 1 summarizes the estimated DNAPL volumes. The actual DNAPL volume
encountered during the remedy implementation may differ from these estimates. Further detail concerning
the DNAPL mass estimate is provided in Appendix A.
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Table 1. Summary of Estimated DNAPL Volumes

DNAPL Source Areas General Location Maximum Area Depth DNAPL Volume
(see Figure 17) (ft%) (ft bgs) Estimate
(gallons)
MIP-04 Northwest RDSI area 6,000 20-70 23,100
MIP-16 East—central RDSI area 5,300 20— 80 29,681
MIP-16 DNAPL pool East—central RDSI area 4,800 84 - 97 22,049
SWMU 11 TCE Leak Site East RDSI area 775 28 —32 250
TCE Tank Area East side C-400 1,700 20 - 60 49
400-016 Area South side C-400 2,000 16 — 34 1
400-163 Area Southeast RDSI area 1,400 8-48 22

2. TREATMENT TECHNOLOGY

2.1 ELECTRICAL RESISTANCE HEATING DESCRIPTION

The C-400 IRA includes the installation and operation of a three-phase ERH system to heat the
subsurface, volatilize VOCs, and remove them by way of a vapor recovery system. The three-phase ERH
system consists primarily of a network of inground electrodes, vapor extraction wells, and vacuum
monitoring piezometers distributed throughout the zone of contamination shown in Figure 17. Electrical
power for the electrodes will be supplied to the ERH system by an existing electrical feeder, 23B5B from
the PGDP C-531-1 electrical switchyard. In the process of VOC volatilization, steam also will be
generated, which will facilitate the stripping of VOCs (primarily TCE and its breakdown products) from
the treatment area. The subsurface treatment area is broken down into three specific treatment areas: the
east, southeast, and southwest treatment areas. Within the three treatment areas, there are treatment zones
at various depths bgs. The colored contour lines shown within the three treatment areas, depicted in
Figure 19, define the treatment zone depth intervals. The full size detailed plan view layout of
components and treatment zone depth intervals (similar to Figure 19) is provided in Appendix C.

The treatment system installation and operation will include the following activities:
e Installation of electrodes, vapor/liquid extraction wells, vacuum monitoring piezometers,
thermocouple arrays, and pressure sensors in the TCE source zones at the C-400 Cleaning Building

area;

e Heating of subsurface soil, contaminants, and groundwater via application of electrical current to the
UCRS and RGA soils;

e Withdrawal of volatilized VOCs (primarily TCE and its breakdown products) by high vacuum vapor
extraction;

e Extraction of a nominal quantity of groundwater to assist in controlling local gradients and
groundwater migration;

o Treatment of contaminated groundwater/vapor through the use of an aboveground treatment system;

e Recovery of free-phase DNAPL as it is removed from the subsurface.
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e Reinjection of treated groundwater at subsurface electrodes to maintain electrical conductivity and
facilitate heat transfer;

e Monitoring of contaminants in recovered groundwater and vapor;

e Discharge of treated groundwater/condensate through Kentucky Pollutant Discharge Elimination
System (KPDES) Outfall 001;

e Discharge of treated vapors to the atmosphere and real-time monitoring of treated vapors; and
e  Waste classification for on-site and off-site disposal.

Section 4 of this report provides additional detail relative to the ERH and vapor/liquid treatment systems.

2.2 APPLICABILITY TO THE PGDP SITE

A treatability study of six-phase ERH was conducted in 2003 at the C-400 Cleaning Building to
demonstrate the implementability of ERH technology in the unsaturated and saturated soils of the UCRS
and in the underlying RGA. According to the results documented in the Final Report Six-Phase Heating
Treatability Study at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky (DOE 2004), the ERH
implementation exceeded the criteria for success outlined in Six-Phase Heating Technology Assessment
(GEO 2003). The criteria for success were defined as greater than 75% reduction of TCE soil
concentrations in the UCRS and a reduction of TCE groundwater concentrations to less than 1% (11,000
ppb) solubility in the RGA. The ERH in the treatability study reported a 98% reduction in TCE soil
concentration in the UCRS, on average, and reduced TCE groundwater concentration to less than 1% of
solubility in the RGA. The C-400 ROD documented ERH as the selected remedy for the C-400 IRA.

ERH can be implemented in either a six-phase or three-phase heating approach. In both cases, the
subsurface is heated as a result of the resistance of the soil to the flow of an applied electrical current.
Three-phase heating is the preferred electrical phasing method for large and noncircular remediation areas
(TRS 2007). Three-phase heating was selected for the C-400 IRA because of the large size and irregular
shape of the delineated DNAPL source zones targeted for heating using ERH.

2.3 PHASED DEPLOYMENT

A phased deployment of ERH will be implemented. The first phase (Phase I) will implement the design
presented in this report, referred to as the base design, in the southwest and east treatment areas. In
addition to removing VOCs from these areas, another important objective of Phase I will be to evaluate
the heating performance of the base design through the RGA down to the McNairy interface in the
southwest treatment area. Treatment in the east treatment area involves only the UCRS. Operation of
Phase I also will provide the opportunity to evaluate the radius of influence of the vapor recovery system,
assess hydraulic containment, and optimize the aboveground vapor/liquid treatment system. Lessons
learned from Phase I will be evaluated and appropriate contingency actions will be identified for
implementation prior to installation and startup of Phase II near the southeast corner of the
C-400 Cleaning Building.

The Remedial Action Work Plan for the Interim Remedial Action for the Volatile Organic Compound

Contamination at the C-400 Cleaning Building at the Paducah Gaseous Diffusion Plant, Paducah,
Kentucky, DOE/LX/07-0004&D1 (RAWP) (DOE 2007) provides a list of potential contingency actions
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that may be implemented in response to lessons learned during Phase 1. These contingency actions
describe the changes to the base design, installation, and/or operation that would be implemented in
response to lessons learned during Phase 1. Table 2 provides examples of potential lessons learned and
contingency actions that may be implemented prior to Phase II. If contingency actions result in significant
changes to the design, the DOE project team will consult with Federal Facility Agreement (FFA)
representatives from the U.S. Environmental Protection Agency (EPA) and the Kentucky Department for
Environmental Protection (KDEP) for approval and to determine what, if any, additional documentation
may be required prior to implementation of the changes.

Table 2. Examples of Potential Phase | Lessons Learned and Contingency Actions

Lesson Learned Potential Contingency Actions
Heating impacted by groundwater flow o Install a bank of electrodes upgradient for
preheating

e Install more closely spaced electrodes

e Install larger diameter electrodes

e Install electrodes into the McNairy Formation
Heating impacted by higher than anticipated soil e Inject solution to increase soil conductivity
resistivity (e.g., salt water)

o Install more closely spaced electrodes

e Install larger diameter electrodes

Hydraulic control not established/maintained e Increase groundwater extraction capability
(larger pumps, more wells, increased treatment
capacity)

Pneumatic control not established/maintained e Increase vapor recovery (VR) by adding

vacuum piezometers to the VR stream
e Increase the density of VR wells

3. TREATMENT SYSTEM OBJECTIVES

3.1 INTERIM REMEDIAL ACTION OBJECTIVES

The IRA objectives for the C-400 Cleaning Building, as defined by Section 2.8 of the ROD, are as
follows:

e Prevent exposure to contaminated groundwater by on-site industrial workers through institutional
controls (e.g., excavation/penetration permit program);

e Reduce VOC contamination (primarily TCE and it breakdown products) in UCRS soil at the C-400
Cleaning Building area to minimize the migration of these contaminants to RGA groundwater and to
off-site points of exposure (POEs); and

e Reduce the extent and mass of the VOC source (primarily TCE and its breakdown products) in the
RGA in the C-400 Cleaning Building area to reduce the migration of the VOC contamination to off-
site POEs.
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Bullet 1 above is addressed in the Land Use Control Implementation Plan for the C-400 IRA which is
included as Appendix H to this design report. The design of the treatment systems to be installed, which
will address bullets 2 and 3 above, is discussed in Section 4.

3.2 DESIGN FACTORS INFLUENCING IRA SUCCESS
3.2.1 Extent of Treatment Area Adequately Defined

Existing characterization data for the south C-400 area, notably data from the WAG 6 RI and the RDSI,
delineate zones of soil and groundwater in the UCRS and RGA that are contaminated by high
concentrations of TCE that are indicative of the presence of DNAPL. Other VOCs are known to be
present. Optimal placement of a remediation system required further refinement of the known magnitude
and extent of the zone of highest contaminated soil and groundwater. The RDSI was performed to address
this problem. RDSI results and subsequent definition of the treatment area are summarized in Section 1.3.
DNAPL source zones delineated based on RDSI and WAG 6 data are illustrated in Figure 17. Refer to
Appendix A for additional discussion of the treatment area definition.

3.2.2 Subsurface Heating Technology Evaluated and Selected

A significant problem encountered during the Six-Phase Treatability Study was the failure of the
electrodes to heat the subsurface at discrete intervals. The electrode design for the treatability study
employed six distinct electrically conductive intervals intended to divide the subsurface vertically into six
heating zones that could be heated first individually and then simultaneously. Steel shot was used as an
electrode backfill. During electrode installation, the high density of the steel shot column potentially
displaced the electrical insulating materials (bentonite) that separated the six elements and, therefore,
caused each electrode to function as a single element with no vertical differentiation. The high backfill
density and structural instability could have disconnected the two deepest electrode intervals and
prevented sufficient power from reaching these depths.

Discrete interval heating and independent electrode control are critical to address the variability in
conditions that are present in the subsurface at the C-400 Cleaning Building area. Power requirements and
heating response will be quite different in the UCRS versus the RGA. The patented Electro-Thermal
Dynamic Stripping Process (ET-DSP™) technology offered by McMillan-McGee Corporation (Mc?) was
judged to be the technology best suited to satisfy the performance requirements of this IRA. Mc* offers a
stacked electrode system to allow for electrical current to be directed between the electrodes and through
the vertical extent of the contaminated soil. Multiple independently controlled 10 ft long electrodes can be
stacked in a single boring. Structural support is provided by a layer of sand placed between each
electrode. The sand also electrically isolates the electrodes in the boring from each other. The benefits of
this approach are a uniform temperature distribution throughout the entire vertical profile of the soil, the
ability to create preferential flow paths for steam, and the ability to reduce the number of boreholes
required for installation. Ultimately the stacked electrodes will allow heating to be controlled in discrete
(vertical and horizontal) intervals of the subsurface.

3.2.3 Recoverable VOC Mass Adequately Estimated

Interpretation of data from the RDSI and previous investigations in the C-400 Building area resulted in an
estimate of the DNAPL mass to be addressed by this IRA. This mass estimate served as input to a
numerical simulation of the subsurface system and is a key element of the technical basis for selection of
a vapor treatment technology. Section 1.5 and Appendix A discuss the DNAPL mass estimate in more
detail. Appendix B contains the numerical simulation report.
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3.2.4 Soil Features and Properties Identified and Analyzed

In order to execute the ERH design, soil parameters must be compiled and/or determined through
laboratory analysis. Soil properties that are critical inputs to the subsurface design include soil
conductivity (electrical resistance), hydraulic conductivity, and permeability. These data are required for
each distinct lithology within the treatment area. Soil samples collected as part of the RDSI were supplied
to Mc” for laboratory analysis to determine these properties. Results of the analyses were used as input to
the numerical simulations discussed in Section 3.2.5 and Appendix B. Additionally, site hydrogeology is
important to the subsurface design; the flow of groundwater into and out of the treatment area impacts the
energy balance of the system. The site-specific information also was used as input in the simulations.
Previously available site data provided a basis for assessing the site hydrogeology.

3.2.5 Subsurface Numerical Modeling Executed

Mc? uses numerical simulation programs and numerical models to design the optimum implementation of
ET-DSP™ for site-specific requirements. These programs and models were used to predict the following
critical design elements of this IRA:

e Optimum configuration of electrodes and extraction wells;

e Electrical power requirements and specifications (voltage settings, number of taps, transformer
configuration, electrode capacity, current rating, etc.);

e The amount of current, voltage, and water injection required during operations; and
e The time needed to achieve completion criteria for the project.

Results of the numerical simulation are presented in Section 4.2.1 and Appendix B.
3.2.6 Operational Strategy Adequately Described

The operational strategy was determined as a result of the numerical simulation. This strategy is defined
as follows:

e The numerical simulation results indicate that for optimum heating, the perimeter electrodes need to
be operated with 20% to 30% greater power per electrode than the interior electrodes. This is a result
of the high hydraulic conductivity of the soil and due to the cooling effect associated with water
inflow required to maintain hydraulic control.

e Due to the extensive underground utilities present down to approximately 10 ft bgs, the uppermost
electrodes will be placed to limit the heating influence to areas below this depth and minimize
interference with existing electrical systems. Vapor extraction will be used to treat identified areas
from 0 to 15 ft bgs to minimize interference with the previously-mentioned underground utilities.
Vapor extraction from these shallow extraction wells will not begin until after target temperatures
have been achieved in the UCRS, which is after approximately 60 days of ET-DSP™ operations
according to the numerical simulation. If routine monitoring at the surface and in the vicinity of site
workers indicates that VOC vapors are migrating to the surface and are becoming a safety concern,
before target temperatures have been achieved in the lower UCRS, the shallow vapor extractors will
be put into service. If monitoring at the shallow vapor extraction points prior to their operation
indicates that vapors migrating from the heated zone may have bypassed the vapor extraction wells
for the heated volume, the shallow vapor extractors will be put into service.
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e The simulation results assume 180 days of ET-DSP™ operations. Due to potential for DNAPL mass
recovery rates periodically to exceed the treatment capacity of surface facilities requiring changes in
heating and vapor extraction rates, up to 240 days of operations may be necessary to achieve the ROD
goals. The primary factors that will be adjusted that affect the stability or changes to the treatment
system are the injection rate of water to the electrodes and the extraction rate of water from the wells.
Other factors such as changes to energy input have a less immediate effect on the treatment system.
Energy input will be adjusted as necessary to achieve and maintain target temperatures. Hydraulic
control will be maintained by adjusting the injection and extraction rates of water (i.e., injection rates
of water to the electrodes will be reduced if they are exceeding the extraction rates of water from the
wells).

3.2.7 Electrode Field and Well Field Layout Established

The electrode and extraction well field was sited using the results of the ET-DSP™ numerical simulation.
The layout takes into consideration known subsurface obstructions, overhead obstructions, other space
limitations, and plant operations. The arrangement of electrodes and extraction wells was followed by
placement of power delivery systems (PDSs), water circulation systems (WCS), temperature monitoring
equipment, and pressure monitoring equipment. Actual location of individual electrodes can be adjusted
from the proposed location up to 3 ft during construction activities, as needed, without affecting the
expected temperature results shown in the numerical simulation. Final location of the aboveground
components, temperature indicating devices, pressure indicating devices, and groundwater extraction
locations is subject to change as construction and site limitations mandate.

Due to the prevalence of utility lines to approximately 10 ft bgs to 15 ft bgs, the targeted heated volume
was limited to below this depth. The ERH system along with the vapor and groundwater recovery system
installed in the heated volume is not intended to completely volatilize and remove source from the zone
shallow zone (0 to 15 ft bgs). Shallow vapor recovery screens (screened from approximately 6 ft bgs to 13
ft bgs) are included to provide a contingency for additional vapor recovery should VOC vapors bypass the
heated volume vapor recovery system and, as an added benefit, to remove, to the extent practicable,
source material already present in the shallow zone. Also, after approximately 60 days, it is anticipated
that a portion of this zone will be heated by conductive heat transfer. The shallow vapor extraction wells
are designed to capture any contamination volatilized from this heating.

3.2.8 Aboveground Treatment System Design Parameters Established
Influent design parameters and effluent discharge criteria for the vapor treatment system are listed in

Table 3. Influent design parameters and effluent discharge criteria for the liquid treatment system are
shown in Table 4.
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Table 3. Vapor Treatment System Design Parameters and Discharge Criteria

Analyte/Design Parameter Influent Design Discharge Limit!
Soil vapor flow (dry air basis) 1,200 scfm N/A
TCE concentration 20,000 ppmv 20 ppmv
Vinyl chloride concentration 30 ppmv 20 ppmv
trans-1,2-DCE concentration 50 ppmv 20 ppmv
cis-1,2-DCE concentration 50 ppmv 20 ppmv
1,1-DCE concentration Non-detectable’ 20 ppmv
Soil vapor temperature 203°F (95°C) N/A
Pressure at inlet to vapor/liquid 10 in Hg vacuum N/A
separator

{%ir from air stripper (dry air basis) | 300 scfm N/A

Using the design discharge limit as an input, the maximum off-site concentration for each pollutant was estimated
utilizing the air dispersion modeling software BREEZE AERMOD GIS Pro v5.1.7 (the modeling is presented in the
C-400 RAWP). The simulation software modeled a stack that was 20 ft tall, 8 in. diameter, discharging at a flow rate of
1500 scfim at 70°F. A risk factor of 10 was used to establish the off-site limit. Based on results of the model, the
discharge design concentrations would yield off-site concentrations that would be lower than the limit. Refer to the C-400
RAWP for additional detail.

Although the Six-Phase Treatability Study vapor sampling results for 1,1-DCE were nondetectable, there were detectable
levels of 1,1-DCE in groundwater samples; therefore, 1,1-DCE will be monitored for in the vapor discharge.

Table 4. Liquid Treatment System Design Parameters and Discharge Criteria

Analyte/Design Parameter Influent Discharge Limit
Groundwater flow 20 — 80 gpm N/A

Condensate flow 8 gpm max N/A

TCE concentration 5-1,100 ppm 30 ppb'

1,1-DCE concentration 154 ppb 3.2 ppb'
Technetium-99 activity 40-160 pCi/L (observed in 900 pCi/L?

groundwater sampled during the
Six-Phase Treatability Study)

Temperature 203 °F (95°C) maximum 89 °F (31 °C) daily max’
185 °F (85°C) average
pH 55-6.5 6-9°
Total suspended solids 10 - 50 ppm 30 mg/L monthly average’
60 mg/L daily max’®
Total residual chlorine Plant potable water levels 0.011 mg/L monthly average’

0.019 daily max®

Discharge limits are based on Kentucky Administrative Regulations (KAR) 401 KAR 5:031
DOE target limit
> KPDES permit limit for Outfall 001 effluent discharge

2
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3.2.9 Key Operational Parameters Identified

The design will allow for operational parameters to be evaluated during the treatment period. Operational
parameters to be measured include the following:

Vapor recovery and treatment rates;

Water levels in the RGA;

Thermal gradient throughout the treatment zone;

Pressure at vapor extraction well heads;

Vacuum monitoring piezometer readings;

Water injection rate through electrodes and groundwater extraction rate; and

Effluent contaminant concentration to demonstrate compliance with permit requirements.

Details regarding the monitoring of operational parameters will be presented in an Operations and
Maintenance Plan (O&M Plan) to be developed and submitted for review and comment as a secondary
document in accordance with requirements in the Paducah Federal Facility Agreement. The schedule for
submitting the O&M Plan is addressed in the C-400 RAWP.

3.3 CRITERIA FOR CEASING IRA SYSTEM OPERATIONS

The remediation goal for this interim action, as stated in Section 2.9.3 of the ROD (DOE 2005a), is to
operate the ERH system until monitoring indicates that heating has stabilized in the subsurface and that
recovery of TCE, as measured in the recovered vapor, diminishes to a point at which further recovery is at
a constant rate (i.e., recovery is asymptotic). At asymptosis, continued heating would not be expected to
result in further significant reduction of toxicity, mobility, or volume of the zone of contamination.

The first part of the remediation goal is to operate the ERH system until monitoring indicates that heating
has stabilized. The stable heating goal for Phase I is defined as follows:

e Temperatures in the soil above the potentiometric surface of the RGA (approximately 53 ft bgs at the
C-400 Building) are at or above 90 °C (194 °F). The boiling point of free-phase TCE is 87 °C (189 °F)
at sea level pressure conditions.

e Temperatures below the potentiometric surface are at or above the boiling point of the free-phase
TCE at the depth of treatment [e.g., approximately 87 °C (189 °F) at the potentiometric surface and
approximately 115 °C (239 °F) at 98 ft bgs].

e The target temperatures at each depth interval will be verified by 90% of the digital temperature
monitoring sensors installed at 3-ft intervals throughout the heated volume.

e The target temperatures presented in bullets one and two are maintained for the period of time
necessary to achieve asymptosis, as defined below.

The free-phase boiling point of TCE (adjusted for depth) is a conservative goal since it is known that a
phase change for a TCE/water mixture is achieved at the azeotropic boiling point of the solvent/water
mixture (a lower temperature than that of either TCE or water). In the case of a TCE/water mixture at one
atmosphere, a phase change will begin when the mixture is heated to =73 °C (87 °C for free-phase TCE
and 100 °C for water). At a depth of 45 ft below the water surface and assuming a hydrostatic pressure
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distribution, the TCE/water boiling point is =100 °C (125 °C for water) and the free-phase TCE boiling
point is =115 °C. Figure 20 shows a graph of boiling temperature versus depth below the potentiometric
surface for a TCE/water mixture, for free-phase TCE, and for groundwater. The graph displays boiling
temperatures to approximately 120 ft bgs.

If the temperature goals are not achieved or maintained as necessary until asymptotic recovery in the
vapor phase has been accomplished, contingency measures will be implemented in an effort to
accomplish the required heating. These contingency measures include directing additional power to
operating electrodes in the problem area or attempting either to restore power to a failed electrode or to
increase the power to electrodes in the vicinity of a failed electrode if an electrode does fail. Once
asymptosis has been achieved during Phase I at temperatures at or above the boiling point of TCE at
depth, the DOE will test the ability of the system to achieve boiling point of water at depth as a means of
evaluating the design capability. Data captured during this effort would be used by DOE in consultation
with EPA and KDEP prior to the start up of Phase II to determine the viability of establishing a higher
temperature target for the possibility of continuing treatment to reduce dissolved plume after the Phase 11
goals have been achieved.

The second part of the remediation goal is asymptotic recovery of TCE in vapor. Asymptotic conditions
will be identified based on visual inspection of data plots showing TCE mass removal rate and TCE vapor
concentration versus time for individual vapor recovery wells. When the slope of the curves presented in
these data plots approaches zero at a slow rate of change, the curves are at asymptosis. At asymptosis, the
rate of TCE recovery is constant. Groundwater TCE concentrations and mass recovery in groundwater
also will be evaluated as indicators of when the point of diminishing returns in TCE mass recovery is
being approached.

Vapor recovery and groundwater extraction wells will be monitored routinely throughout heating
operations to monitor progress and to develop data plots for use ultimately in identifying when
asymptosis has been achieved. These activities will be included in a detailed monitoring plan in the O&M
Plan. TCE concentrations in recovered vapor initially will increase as the subsurface is heated to and
above the boiling point of TCE in the vadose zone and to the boiling point of free-phase TCE, adjusted
for pressure, below the water table. Over time, the TCE vapor concentration and mass recovery rate will
decrease to an initial asymptotic level, which will be determined by the project engineer to ensure
required operational flexibility. At this point, the system will undergo a “pulsed operation,” whereby
vapor recovery will be reduced or stopped for a period of time to allow the subsurface to equilibrate.
Pneumatic control will be maintained during pulsing operations by limiting the number of wells that have
reduced vacuum or by limiting the reduction in vacuum at each well. The frequency of monitoring the
vacuum levels will be increased during pulsing events. The Operations and Maintenance Plan will include
additional detail with regard to these activities.

When the vapor recovery flow rate is increased to previous levels, the TCE vapor concentration may
rebound to a level above where it settled at asymptosis. System operations will continue until recovery
again decreases to an asymptotic condition. This process may be repeated several times depending on the
significance of the rebound increment as compared to the asymptotic level for vapor concentration and
mass recovery rate before pulsed operation. The effect of pulsed operations on groundwater
concentrations also will be evaluated by analyzing groundwater samples collected from the affected area
and by analyzing air stripper influent TCE levels to observe whether there is an increase that can be
attributed to a rebound in groundwater concentrations in the area targeted by pulsed operations.
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When the body of evidence, consisting of data plots of TCE mass removal rate and TCE vapor
concentration versus time, groundwater concentration, and statistical analyses results indicate that the
remediation goal, as stated in the ROD, has been achieved, the DOE project team will seek concurrence
from EPA and KDEP that the remediation goal has been met. The parties agree to target a 30-day time
frame for review and concurrence that the remediation goal has been met. The three parties will consult
with one another to reach consensus as to whether the system should remain in operation after the
remediation goal has been met and, if so, under what conditions.

Wells in each of the three treatment areas, the southwest, southeast, and east, will be evaluated
independently with regard to meeting the criteria for ceasing operations. The criteria for ceasing IRA
system operations are summarized in Table 5.

4. CERTIFIED FOR CONSTRUCTION TECHNICAL DESIGN

4.1 SYSTEM DESIGN

This Certified for Construction Remedial Design Report provides a detailed design of the ERH system
with specific locations determined for subsurface components such as electrodes, extraction wells,
vacuum monitoring piezometers, temperature monitoring equipment, and pressure monitoring equipment.
Subsurface component locations were selected based on numerical simulation results discussed in Section
4.2 and Appendix B, as well as in consideration of underground utility locations. Specific plant
coordinates have been identified for subsurface components. During installation, there will be some
flexibility to adjust the location of these components to accommodate unexpected underground hazards.
Electrodes can be moved from their proposed location by up to three feet without impacting expected
subsurface heating conditions as predicted by the numerical simulation. There is more flexibility with
regard to adjusting the locations of other subsurface components. Mc? subject matter experts will be on-
site to provide consultation and guidance prior to relocating any of the components. Subsurface
components will be installed as designed in borings completed using traditional drilling techniques.
Locations of PDSs indicated on the drawings are suggested and will be finalized during installation.

This design report also provides a detailed performance specification for the aboveground vapor/liquid
treatment system that describes the influent and effluent design criteria, specifies an appropriate treatment
technology, defines the treatment process flow, and presents preliminary process monitoring and control
functions. Construction Specifications Institute formatted specifications also have been provided to define
the qualitative requirements for products, material, and workmanship upon which the installation of the
system will be based. Due to the potential for significant interference during installation caused by
existing underground and overhead utility locations, active PGDP operations at the C-400 Cleaning
Building, and train and cylinder hauler traffic in the treatment area, final engineering activities and
installation of the vapor/liquid treatment system and mechanical/electrical connections to the ERH
treatment components will be field engineered. This is an approach that is consistent with that used during
installation of the Six-Phase Treatability Study. This activity will be performed by the DOE contractor or
their subcontractor upon approval of this design report.
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Table 5. Criteria for Ceasing IRA System Operations

Performance Assessment
Model Parameters (P)

Performance Metrics (PM)

Potential Deviation from
Performance Assessment
Model

Contingencies

P 1: Heating has stabilized
in the subsurface.

PM 1: Monitor/record temperature
readings from temperature sensors
installed in the treatment zones to
the required depth of heating.

Phase I stable heating goal:

e Temperatures in the soil above
the potentiometric surface of the
RGA (approximately 53 ft bgs)
reach 90 °C (194 °F). The boiling
point of free-phase TCE is 87 °C
(189 °F) at sea level pressure
conditions.

e Temperatures below the
potentiometric surface reach the
boiling point of the free-phase
TCE at the depth of treatment
[e.g., approximately 87 °C (189
°F) at the potentiometric surface
and approximately 115 °C (239
°F) at 98 ft bgs]. Refer to Figure
20).

o The target temperatures
presented in bullets one and two
are maintained for the period of
time necessary to attain
Performance Metric 2 below.

o At least 90% of the temperature
sensors installed at each depth
interval verify that target
temperatures have been
achieved.

Phase II target temperature goals
will be established after evaluating
system heating performance during
Phase 1.

The temperature does not reach
required levels in a treatment
zone within 60 days after the
estimated 90 days necessary to
heat the zone?.

The target temperature is
attained and then declines
before asymptosis in TCE
recovery is achieved.

In treatment volumes above the
potentiometric surface,
unintentional and extended
(seven days or more)
temperature excursions below
the boiling point of TCE would
be considered problematic.

In the treatment volumes
below the potentiometric
surface, unintentional and
extended (seven days or more)
temperature excursions excess
of 10% below the target
temperature would be
considered problematic.

If temperatures specified in PM1 are not achieved in a treatment zone within the
estimated time required to heat the zone?, operations personnel will attempt to
determine the reason for the deviation. If there is a problem with temperature
sensing equipment, it will be replaced. If the electrodes are operating normally,
then additional energy will be applied to the electrodes in zones that have not
achieved or fail to maintain the required temperature in an attempt to increase
temperatures. If electrode failure is the cause, attempts will be made to restore
functionality to the electrode. If functionality cannot be restored, additional
energy will be applied to electrodes in the vicinity of the failed electrode in an
effort to compensate for the failed electrode.

For Phase I operations, if contingency measures herein are unsuccessful and the
temperature targets are still not achieved, then DOE will evaluate, in consultation
with regulators, the cost/benefit of continuing ERH operations in the treatment
zone.

Lessons learned from Phase I will be evaluated and appropriate contingency
actions will be identified for implementation prior to installation and startup of
Phase II in the southeast treatment area.

Section 3.2.6 and Section 4.2.1 for additional detail.

Time estimates for achieving required temperature levels and for treating treatment zones are based on the results of numerical simulations conducted by Mc?. Refer to
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Table 5. Criteria for Ceasing IRA System Operations (Continued)

Performance Assessment
Model Parameters (P)

Performance Metrics (PM)

Potential Deviation from
Performance Assessment
Model

Contingencies

P 2: Recovery of TCE, as
measured in the recovered
vapor, diminishes to a
point at which further
recovery is at a constant
rate (i.e., recovery is
asymptotic). Asymptotic
recovery is anticipated to
occur within 180 days®
unless VOC levels in
recovered vapors exceed
the capacity of the vapor
treatment system requiring
changes to the rate of
heating and/or vapor
extraction, in which case
up to 240 days may be
required.

PM 2: Assuming that stable target
temperatures have been achieved
(see PM 1 above), asymptotic
conditions will be identified based
on visual inspection of data plots
showing TCE mass removal rate and
TCE vapor concentration versus
time for individual vapor recovery
wells. Once the slope of the curves
presented in these data plots
approaches zero at a slow rate of
change, the curves will be
understood to be asymptotic. At
asymptosis, the rate of TCE
recovery is constant.

The body of evidence, consisting of
data plots of TCE mass removal rate
and TCE vapor concentration versus
time, groundwater concentration,
and statistical analyses results will
be used by DOE to identify when
asymptosis has been reached.

TCE vapor concentrations and

mass removal rate, plotted
across time do not exhibit
asymptosis within the

estimated 180 days® required to

treat the zone.

The treatment period may be extended beyond 180 days if VOC levels exceed
the capacity of the vapor treatment system requiring changes to the rate of
heating and/or vapor extraction.

If asymptosis has not been achieved after 240 days of ERH operations, then DOE
will evaluate, in consultation with regulators, the cost/benefit of continuing ERH
operations in the treatment zone.




4.2 ET-DSP™ SYSTEM DESIGN

ERH via ET-DSP™ involves heating soil in the saturated and unsaturated zones by passing current
between electrodes buried in the soil, with simultaneous injection of water through the electrodes in order
to maintain conductivity and to transfer heat by convection. The coupling of electrical resistance heating
with heat transfer by convection greatly enhances the efficiency and uniformity of heating by ERH
technology. Volatilization of contaminants will be achieved as the temperature in the UCRS approaches
the boiling point of TCE [87°C (189°F)] or the boiling point of the TCE/water mixture at depth below the
potentiometric surface of the RGA (see Figure 20). Simultaneous vapor extraction from vapor recovery
wells in the heated volume will remove the contaminants from the subsurface.

Water injection through the ET-DSP™ electrode - a patented feature of the technology - helps to maintain
a conductive pathway through the soil. Consequently, resistive or “cold” zones within the treatment area
will be minimized. The injected makeup water supplied to electrodes also will be vaporized creating a
guided steam front that strips contaminants away and carries them to extraction wells.

In a typical application of ET-DSP™, electrodes are placed strategically in and around the contaminated
zone. The pattern of electrodes is designed so conventional three-phase power can be used to heat the soil.
The distance between electrodes and their location is determined from the heat transfer mechanisms
associated with vapor extraction, electrical heating, and fluid movement in the contaminated zone. Soil
vapor extraction wells and vacuum monitoring piezometers are located within the contaminated soil. If
there is inadequate vacuum at the piezometers, they will be converted to vapor extraction wells. The
position of the extraction wells and piezometers relative to the electrodes is determined so that heat
transfer by convection within the porous soil is maximized, thus minimizing heat loss and increasing the
uniformity of the temperature distribution. Consideration of the heat transfer mechanisms results in the
most effective heating process, hence, a more successful remediation project.

The ET-DSP™ technology provides flexibility for expansion of the treated volume, both vertically and
laterally, during installation, if required. Expansion of the ERH system is modular and would involve
stacking additional electrodes in the boreholes to increase the depth of heating and/or adding additional
electrode locations in a triangular pattern to increase the volume laterally. Depending on the size of an
expansion, additional power delivery and water circulation systems may be needed. Consideration also
may need to be given to increasing the capacity of the aboveground vapor and groundwater treatment
system.

Section 6 of the C-400 RAWP contains discussions related to the drilling method and screening
procedures that will be used to determine if contamination exists outside of the treatment area.

A numerical simulation, performed by Mc?, considered site specific soil properties and groundwater flow
conditions in order to model the subsurface heating response. Results obtained from this simulation were
critical in the design of the electrode and extraction well layout. A summary of the simulation results is
presented herein. The full simulation report by Mc” is included in Appendix B.

4.2.1 Numerical Simulation Results

Mc? uses numerical simulation programs and numerical models to design the optimum implementation of
ET-DSP™ for site-specific requirements. The simulation was performed using a commercial numerical
simulation program mathematically customized for electro-thermal processes. Average water saturation,
hydraulic conductivity, contaminant concentration, porosity data, and electrical resistivity as a function of
temperature represent a portion of the data that were used for the input data set.
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The numerical simulation for the C-400 area consisted of a two part model of the southeast treatment area
of the C-400 facility to predict heating in the RGA and UCRS. For the RGA, the groundwater flow is
modeled at 1 ft/day, based on site-specific data.” Average RGA flow velocities at the south end of C-400
range from 0.6 ft/day in the upper RGA to 1.7 ft/day in the lower RGA. The groundwater is largely
stagnant in the UCRS,® so the upper 65 ft of the treatment volume was modeled with no groundwater
flow.

Soil properties that are important to the subsurface design include soil conductivity (electrical resistance),
coefficient of thermal expansion, hydraulic conductivity, permeability, average water saturation,
contaminant concentration, and site hydrogeology. Section 3.2.4 and Appendix B contain additional
related discussion. Design parameters for the southwest and east treatment areas were extrapolated from
the UCRS model on the southeast treatment area. Input data for the simulation are based on previously
determined site characteristics for the area surrounding the C-400 facility; therefore, the numerical
simulation provides results based on this process knowledge of subsurface lithology. Site specific soil
samples from the UCRS, RGA, and the top of the McNairy (approximately 95 ft to 100 ft bgs) were
tested for resistivity. Results of these soil resistivity tests are included in Appendix B. The spacing of the
electrodes is based on the most resistive area, which is the gravel areas of the RGA; therefore, extending
heating to the upper McNairy Formation would not require different spacing. Installation and operational
parameters for individual subsurface components determined for the southeast treatment area of the
UCRS from the model are adapted to the source area delineations for the other two treatment areas.

Figures 21 through 26 show the numerical simulation results for subsurface temperatures at
approximately 80 ft bgs for the southeast treatment area in 30 day increments following startup of ERH
operations. A two-dimensional (2-D) model was used to generate Figures 21 through 26. For the 2-D
model, the temperature distributions shown in the figures for 80 ft bgs are representative of the entire
vertical column; therefore, the temperatures predicted for entire RGA (i.e., 90 and 100 ft bgs) are the
same as those shown for 80 ft. The lines in the figures represent DNAPL source zone delineations at the
depth being heated. They are shown so the reader can see more clearly how the heating is expected to
increase with time across the treatment zone. Under the conditions modeled, the average temperature in
the treatment volume reaches the target treatment temperature of 105 °C (221 °F), the boiling point of
TCE at a depth of approximately 25 ft below the top of the water table (approximately 80 ft bgs), after
approximately 90 days. Target temperatures across the entire southeast treatment volume are achieved
after approximately 120 days of operation (Figure 24).

As a contingency, the numerical simulation also was conducted assuming a groundwater flow velocity of
3 ft/day; additional information is presented in Appendix B. Under these flow conditions, the average
temperature in the treatment volume reached target temperatures after approximately 95 days. Target
temperature was achieved in most areas within 90 to 120 days. A few small areas on the upgradient
portion of the treatment zone do not achieve target temperatures. This is due to the electrode design being

> TCE trends in the off-site Northwest Plume, in response to operation of the Northwest Plume Extraction Well
Field, have determined an average groundwater flow rate of 2.7 to 2.8 ft/day, which is an upper bound to
groundwater flow in the C-400 area. The expected groundwater flow rates modeled for the C-400 IRA range from 1
to 3 ft/day.

® The depth-averaged hydraulic conductivity of the UCRS is approximately 1E-06. Assuming a vertical hydraulic

gradient of 1 (common in the UCRS at PGDP) and a porosity of 40%, the average groundwater flow velocity
(vertical) is approximately 3 ft/year.
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optimized for the 1 ft/day flow velocity. If treatment in the southwest area, which is to be heated before
the southeast area, encounters flow velocities of 3 ft/day in the RGA, the design for the southeast area
could be revised by adding three electrode locations with two stacked electrodes located in the RGA to
provide additional preheating of the groundwater entering the treatment area.

In addition, a flow velocity of 6 ft/day was modeled to evaluate how a much higher than expected flow
velocity would affect heating, additional information is presented in Appendix B. The 2-D model showed
the design would not adequately heat the RGA under conditions of 6 ft/day flow velocity. The design
could not deliver the power levels required for a 6 ft/day flow velocity.

The results of the numerical simulation resulted in the following approach for implementation of the
C-400 ROD:

e Three hundred sixty-nine electrodes in 110 boreholes are required to heat the three source zones
around the C-400 facility, as planned during both phases of the project. Up to five electrodes will be
stacked in each borehole to heat from approximately 15 ft bgs to the bottom of each identified source
zone.

o Electrical power to the electrodes will be supplied by 17 PDSs. The peak input power to each
electrode is approximately 14 kW.

e The total electrical energy consumed by ERH components over 180 days of operation is expected to
be 11,600 MWh, assuming a 1 ft/day groundwater flow velocity in the RGA.

e The peak power is calculated to be approximately 2,812 kW with a project average of 2,165 kW.

e The maximum cumulative water injected during ET-DSP™ operations will be approximately
16.5 million gallons at an average of 0.2 gpm per electrode in the vadose zone and 0.1 gpm for
electrodes in the saturated zone.

e The average liquid phase extraction rate from each extraction well will range from approximately 3
gpm to 5 gpm, resulting in approximately 20.6 million gallons being produced. This volume is based
on extracting 5% more water than what is injected plus the water that enters the RGA during
remediation (assumed to enter area at 1 ft/day velocity). Appendix B provides additional information
on the injection and extraction rates from each area along with the number of extraction wells.

e Twenty-eight extraction well borings have been included for capturing contaminants as they are
vaporized from the soil and groundwater into a free vapor phase. Nineteen extraction borings will be
placed in the southeast treatment area, six extraction borings will operate in the southwest treatment
area, and three extraction borings are planned for the east treatment area. Vapor recovery will be
supplemented with 52 electrode well vapor extractors installed near the surface for all electrode wells
internal to the UCRS treatment zones. The expected vapor extraction rate from each well is 36 scfm
from the deep extraction wells during operations and 8 scfm from the electrode well vapor extractors
after target temperatures are achieved.

e Forty-seven digiTAM monitors are proposed for subsurface temperature monitoring throughout the
C-400 area. Ten digiPAM pressure sensors will be used to verify hydraulic control in the southeast
area.
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Drawing E7DC40000A007 in Appendix C shows a plan view layout of ET-DSP™ system components
including the electrodes, extraction wells, temperature monitoring equipment, pressure monitoring
equipment, and power delivery units. Appendix D shows coordinates for placement of ERH subsurface
components. ET-DSP™ components are discussed in detail below.

Evaluation of the design’s effectiveness in achieving temperature goals and hydraulic and pneumatic
control in the RGA will be done during Phase I. Note that Phase I at the southwest corner of C-400 will
be implemented to the RGA/McNairy interface even though TCE source was confirmed in this area only
down to the upper RGA during the RDSI. Based on the evaluation of heating response and hydraulic and
pneumatic control achieved throughout the treatment volume in Phase I and whether the system
performed as designed, the need for additional modeling will be evaluated prior to implementation of
Phase 1II.

4.2.2 Stacked Electrodes

A stacked electrode system, proven on similar remediation projects, has been engineered to safely and
effectively heat the vertical and horizontal extent of the C-400 treatment area. Electrode boreholes are
drilled 12 in. in diameter to house the 10 in. diameter electrodes. The ET-DSP™ electrodes will be
stacked to allow for electrical current to be directed between the electrodes and through the vertical extent
of the contaminated soil. The benefits of this approach are a uniform temperature distribution throughout
the entire vertical profile of the soil, the ability to create preferential flow paths for steam, and the ability
to reduce the number of boreholes required for installation. Ultimately the ET-DSP™ stacked electrode
will allow heating to be controlled in discrete (vertical and horizontal) intervals of the subsurface.
Stacking of electrodes in a single borehole is covered by the ET-DSP™ patent.

If situations arise where a 10 in. diameter electrode cannot be physically placed, a tight triangular array of
4 in. diameter ET-DSP™ electrodes will be substituted. An array of three 4 in. electrodes, operating in the
same electrical phase, produce heating effects in the soil equivalent to one 10 in. electrode; therefore, the
expected heating results predicted by the numerical simulation will not be affected by the use of 4-in.
electrode arrays instead of 10-in. electrodes if necessary.

A total of 369 electrodes in 110 boreholes is required to heat the three impacted areas around the C-400
facility, as planned during both phases of the project. Up to five electrodes will be stacked in each
borehole to heat from approximately 15 ft bgs to the bottom of each delineated source zone. Drawing
E7DC40000A008 in Appendix C shows the section view for each configuration of stacked electrodes and
Appendix E contains a data sheet for the ET-DSP™ electrode. At surface, each electrode boring is
completed with a 6 in. layer of bentonite placed under 5 ft of high-temperature grout. The bentonite will
separate the high-temperature grout from the sand pack. The high-temperature grout is designed to
prevent the heat in the borehole from reaching surface.

4.2.3 Power Delivery System

The PDSs developed and manufactured by Mc? are computer-controlled to deliver the proper amount of
energy to individual electrodes, both laterally and vertically, to compensate for differences in the
electrical resistance of the geological units. The ET-DSP™ PDSs utilize a system of time distributed
control (TDC) and inter phase synchronization (IPS) to control the power to the electrodes. This process
effectively controls the amount and timing of power sent to individual electrodes. For example, should it
become apparent that certain electrodes are in electrically resistive zones that may result in cold spots, the
power to the electrodes in these areas will be increased to facilitate uniform heating. This method controls
the electrical sine wave of three-phase power to the millisecond such that each phase can be individually
manipulated. Additionally, the PDSs are equipped with multiple voltage taps to further control the power.
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In areas that prove to be more resistive than anticipated, the voltage applied to an electrode is increased to
overcome the higher resistivity. Injection of an electrolytic solution (i.e., salt water) also is a measure that
can be taken to overcome areas with higher than anticipated resistivity. The salt water is injected into
electrodes that have low power due higher than anticipated resistivity.

In addition, when using TDC in combination with IPS, the phases of power applied to individual
electrodes may be alternated to reorient the flow of current among the electrodes as required (ET-DSP™
patent) to uniformly heat up the entire target area. This system is fully programmable and can be accessed
via the internet for remote monitoring and control. A total of 17 PDS units will be required to support the
proposed electrode field for all three treatment areas. An electrical schematic of a typical PDS unit is
shown in drawing E7DC40000A006, and Appendix E contains a data sheet for a PDS.

4.2.4 Temperature Monitoring

Subsurface temperature is one of the most important operational parameters monitored during an ERH
remediation project. Temperature data need to be current and comprehensive. In order to meet this data
need, a distribution of digital Temperature Acquisition Module (digiTAM) sensors will be deployed in the
subsurface at the C-400 Building area. DigiTAMs are digital temperature sensing devices composed of
long strings with imbedded sensors placed at 3 ft intervals. The sensors are individually addressed and are
accurate to 0.5°C. Each temperature sensor responds to the ET-DSP™ site computer every five minutes
with a current temperature reading. ERH system operators utilize this temperature feedback to optimize
system settings. Temperature sensors will be installed downgradient of the treatment areas in some
locations. These sensors will supplement the pressure sensors (see Section 4.2.5) used to measure
groundwater levels and monitoring hydraulic control of the treatment area.

Subsurface temperature levels will be summarized daily for each sensor, each string, each 5 ft layer, and
cross-section. The digiTAMs will be distributed throughout the treatment area. Strategic placement of
digiTAMs provides an accurate representation of actual temperatures in the subsurface; visualization of
temperature field is accomplished using IsoTemp maps. The IsoTemp maps will be generated as
frequently as required to monitor progress. A total of 47 digiTAM devices will be located in and around
the treatment area to monitor subsurface temperature. Appendix E contains a vendor data sheet for the
digiTAM sensor. Refer to drawing C7DC40000A001 in Appendix C for a section view of a digiTAM
installation boring.

4.2.5 Water Level Monitoring

During a thermal remediation project, it is important to understand the hydraulic gradients to ensure
contamination is contained within the remediation area. Key to understanding the hydraulic gradient is
having the ability to monitor the water levels within the remediation area and just outside the remediation
area. To provide these water level data, strategically placed digital Pressure Acquisition Module
(digiPAM) sensors will be deployed in the subsurface surrounding the C-400 facility. The pressure
sensors will be used inside and outside the treatment zones. DigiPAMs are digital pressure-sensing
devices composed of a pressure sensor at the end of a communication cable. In addition to the power and
communication wires, the cable has an integrated vent tube for atmospheric correction. Pressure readings
are converted to digital signals. DigiPAM devices are connected on the same data bus as digiTAM
temperature sensors for simple installation and automated monitoring. Effectiveness of hydraulic control
measures will be verified using temperature monitoring sensors and pressure sensors.

During operations, digiPAM data will be used to monitor the groundwater levels within the remediation

area and outside the remediation area to determine if hydraulic control is being maintained. If
groundwater levels in the remediation area are higher than those outside the remediation area, adjustments
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to the water injection at the electrodes and groundwater extraction rates will be made. A total of ten
digiPAM devices will be located in and around the treatment area to monitor subsurface pressures.
Appendix E contains a vendor data sheet for the digiPAM sensor. Refer to drawing C7DC40000A001 in
Appendix C for a section view of a digiPAM installation boring.

4.3 LIQUID AND SOIL VAPOR EXTRACTION SYSTEMS
4.3.1 Soil Vapor Extraction System

Soil vapor extraction (SVE) is an established technology that is commonly used to extract volatile
compounds from unsaturated soil. During SVE, a vacuum is applied to an extraction well to lower the
vapor pressure in the vicinity of the well. Lowering the pressure at the extraction well induces an
advective flow of soil vapors and flow of groundwater containing VOCs (primarily TCE and its
breakdown products) from regions of higher pressure to the extraction point. This process enhances the
volatilization of contaminants from within grains of soil and promotes the diffusion of sorbed
contaminants into soil pores where they can be swept and extracted along with soil vapors. In addition to
using SVE in the heated zones to recover volatilized VOCs and steam, it also will be used to remediate
VOCs from shallow unsaturated soil in the UCRS (15 ft bgs and shallower). Although SVE and ERH
systems normally will be operated concurrently, the SVE system will have the flexibility to be operated
with ERH turned off. Vapor and liquid extraction well designs are shown in drawings C7DC40000A002
and C7DC40000A0003 in Appendix C.

A positive displacement blower will exert a vacuum on the SVE wellheads and air in the subsurface will
flow toward the SVE well screens. As ERH progresses, volatilized VOC and steam vapors will be
generated. These vapors will rise into the vadose zone and will be swept toward the SVE wells by
vacuum flow to the SVE well screens. Because of the permeability difference between the RGA and
lower UCRS, a portion of the vapors may preferentially travel laterally at the RGA/UCRS interface. The
extraction of groundwater from the bottom of the vapor extraction wells will promote transport of these
vapors held up at the RGA/UCRS interface to vapor extraction wells. The design of groundwater
extraction wells connects the well casing to the vapor recovery system. By positioning the intake of the
groundwater pump at the bottom of the well and connecting the well bore to the vapor recovery system,
both DNAPL and entrained bubbles will be effectively captured. As subsurface heating progresses,
however, it is expected that the permeability of the UCRS will increase and the permeability difference
between the UCRS and RGA will become less pronounced.

As ERH progresses and vapor production increases, the vapors will continue to move into the SVE well
screens because of the low pressure created by the SVE vacuum blower. As the remediation approaches
maximum vapor generation, the vapor flow rate will increase, but not enough to significantly increase the
wells’ capture zones.

The design extraction rate of 1,000 to 1,200 scfm of air from the subsurface is based on the treatment
volume and the number of vapor pore volumes that can be extracted. The total remediation volume is
approximately 49,000 yd’, with a pore space volume of 400,000 ft*. At 1,000 scfm vapor extraction rate, a
pore volume of vapor can be extracted every 6 to 7 hours. On average, the vapor extraction rate will be
lower than this maximum rate so that a pore volume is extracted approximately every eight hours. This
measure and rate of vapor extraction has proven to be effective at capturing produced vapors for other
thermal remediation projects. In the relatively tight vadose zone soil beneath the treatment area, relatively
high vacuum (10 in Hg at the inlet to the vapor treatment system) will be required to maintain capture
radii of 20 to 30 ft (6 to 9 m) at each SVE well. Each vapor extraction wellhead will have a temperature
and pressure gauge to indicate the temperature of the extracted vapor and the vacuum at each well. A pitot
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tube also will be installed near the wellhead to allow vapor flow to be measured and a vapor sample to be
obtained. Note that obtaining a vapor sample will require use of a vacuum pump to overcome the vacuum
in the vapor line.

For ERH remediation, vapor recovery piping will be sized for the combined flow of soil vapors and
steam; thus, the piping will be relatively larger than in standard SVE systems that do not have steam
traveling in them. During the Six-Phase Treatability Study, a significant quantity of the polyvinyl
chloride/chlorinated polyvinyl chloride valves, fittings, and piping melted or deformed due to continued
exposure to operating temperatures of the system. All piping, fittings, and valves used will be made of
materials that are appropriate for the temperatures that will be experienced. Header piping also will be
heat resistant and constructed of carbon steel or other compatible material.

SVE will be performed using a positive displacement blower. Positive displacement blowers are best
suited for applications of high vacuum and relatively high flow. A vapor treatment system, described
further in Section 4.5, will be manifolded to the soil vapor extraction system. Sampling ports and gauges
will be supplied to measure vacuum, flow, and temperature at the blower inlet and pressure and
temperature at the blower outlet. Vacuum, pressure, and temperature will be measured by gauge, while
flow is measured by pitot tubes read with water filled manometers or magnahelic gauges, or by other
appropriate technology identified at installation.

4.3.2 Liquid Extraction System

Groundwater will be extracted via submersible pneumatic pumps during system operations to maintain
hydraulic control in the treatment area and to aid in the transport of VOCs to the extraction wells. These
pumps will be manufactured to withstand the expected subsurface operating temperatures. It is estimated
that approximately 3 to 5 gpm of groundwater will be extracted from each well. A typical groundwater
extraction well design is shown in drawing C7DC40000A002 of Appendix C. Deep RGA groundwater
extraction wells will be installed with McNairy sumps to maximize direct DNAPL recovery. At each
groundwater extraction wellhead, a sample port will allow groundwater samples to be obtained.
Specifications for the submersible pumps are included in Appendix E.

4.4 LIQUID TREATMENT SYSTEM

Liquids will be extracted from the subsurface in two ways. First, groundwater will be entrained as
droplets in the vapor stream and removed in the liquid/vapor separators. Second, groundwater will be
removed by submersible pumps installed in extraction wells strategically placed in the treatment zones.

The groundwater treatment system is designed to remove VOCs from entrained droplets in the vapor
stream, from extracted groundwater, and from condensed steam from the vapor conditioning system. The
liquid treatment system is designed to treat up to 80 gpm of water at concentrations up to 1,100 mg/L of
TCE. The system is designed to accommodate water at temperatures up to 203°F (95°C), but also can
effectively remove VOCs from groundwater at ambient temperatures [approximately 55°F (13°C)]
extracted before the soil is heated. Treatment unit materials of construction/fabrication will be compatible
with the conditions expected in the liquids treatment system. The liquid treatment system also is designed
to maintain technetium-99 (*’Tc) levels below discharge criteria as described in Section 3.2.8. A portion
of the treated water will be pumped back to the electrode field for injection through the electrodes. The
balance will be discharged to the existing KPDES permitted Outfall 001.

The liquid treatment system consists of a separator to remove TCE DNAPL from the liquid stream, an air
stripper to remove the dissolved TCE from the liquid stream, ion exchange beds to remove *Tc, a liquid-
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phase carbon adsorber that will remove residual TCE from the liquid stream, and ancillary equipment
(pumps, tanks, etc.). The individual components of the liquid treatment system are described in the
following sections and are shown on process flow diagram P7DC40000A001 and piping and
instrumentation diagrams P7DC40000A011 through P7DC40000A013 in Appendix F. Data sheets are
provided for process equipment in Appendix G.

4.4.1 DNAPL Separator

Extracted groundwater from the well field and water containing TCE from the vapor treatment system
will be processed through the DNAPL separator. The water from the vapor treatment system includes
condensate and any entrained droplets of water from the vapor extraction system. The DNAPL separator
(T-105) is a plate-type separator designed to remove small droplets of pure TCE from the groundwater.
Although the settling velocity for DNAPL is greater at higher temperatures, the separator is designed to
treat 80 gpm of water at typical groundwater temperatures. Higher settling velocities improve the
performance of gravity separators. Since the separator will work better with hot groundwater, the DNAPL
separator will be designed with enough separation area for normal groundwater temperatures of 10 °C to
16°C (50 °F to 60 °F). During normal operation at elevated temperatures, the separator will give better
removal of small droplets of DNAPL. The materials of construction will be designed to resist hot
groundwater and TCE DNAPL.

The DNAPL will collect in the bottom of the separator and be pumped to a dedicated 1,500-gal storage
tank (T-107). DNAPL will be pumped from the storage tank (T-107) to an appropriate container for
disposition. Conductivity switches will be used to monitor the level of DNAPL in the bottom of the
separator and control the DNAPL transfer pump (P-108). The DNAPL pump will be designed to
accommodate the high vapor pressure of hot DNAPL. The water flows through the separator plate pack
and overflows into a small compartment from which it will be directed into the air stripper feed tank.

4.4.2 Air Stripping System

Dissolved-phase TCE contaminated groundwater exiting the DNAPL separator combined with water
from the vapor treatment system will enter the 1,500-gal air stripper feed tank (T-106). From the air
stripper feed tank, contaminated groundwater will be pumped into the air stripper (A-102). A level
controller will adjust the feed to the air stripper to maintain the air stripper feed tank level within an
operational bandwidth, as recovered groundwater flow rates change. The controller will be tuned to react
slowly to changes in the feed tank level to avoid drastic changes in feed rates to the air stripper. A high-
high level alarm and switch will provide protection against overflow of the air stripper feed tank by
shutting down the pneumatic extraction well pumps.

The air stripper equipment will consist of a multiple tray, low profile air stripper. No blower is required,
as the air for stripping will be pulled through the stripper into the vapor cooler by the vacuum blowers.
Stripping air flow rate will be set at 300 scfm by a flow control valve. The air stripper is designed to
reduce the concentration of TCE in the groundwater from 1,100 mg/L to less than 5 mg/L at 16 °C (60 °F)
at a flow rate of 80 gpm. Once ERH raises the temperature of the groundwater to the operational range,
liquid effluent TCE concentrations from the air stripper are expected to be less that 0.5 mg/L. Treated
groundwater will be collected in the internal sump of the air stripper prior to overflowing into a collection
tank (T-103). TCE-laden off-gas from the air stripper system will be processed through the vapor
treatment system prior to discharge to the atmosphere.
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4.4.3 Groundwater Filtration and Destination

Prior to groundwater entering the air stripper system, it will pass through a set of bag filters (F-102A/B)
fitted with 20 micron filters for removal of solids that may be present in the extracted groundwater to
minimize fouling or plugging of the air stripper. The bags filters will be valved so that one unit can be
taken offline for bag change-outs, while the other unit remains online. The treated groundwater from tank
T-103 then will pass through another set of 20 micron filters (F-101A/B) to further remove solids that
may have precipitated at the air stripper to minimize fouling or plugging of the liquid-phase carbon.

Following air stripping and the second set of bag filters, a portion of the liquid flow (treated groundwater
and condensate) will be returned to the electrode field for reinjection through the electrodes. The air
stripper effluent to be injected at the electrodes initially may contain as much a 5 ppm TCE, based on
anticipated initial TCE concentrations and temperature of the influent to the air stripper. As the soil and
groundwater are heated, the air stripping process is expected to become more efficient, and the effluent
used for injection into the electrodes is expected to have a much lower TCE concentration than 5 ppm. In
addition, as the cleanup progresses, TCE concentration in groundwater is expected to drop, resulting in
lower TCE concentration in the air stripper influent, which will result in lower effluent TCE
concentration. In addition to the air stripping, this water will be treated in two ion exchange adsorbers (C-
108 A/B) to remove Tc and will be collected in a 500-gal insulated storage tank (T-104). A level
controller will control the flow of treated water to T-104 to maintain an appropriate level in the tank. The
flow rate of water to the electrodes will be controlled by the water circulation systems in the field. The
remaining liquid flow continues downstream where it will pass through the air stripper effluent cooler (E-
104). This heat exchanger will lower the temperature of the treated water to a temperature acceptable for
introduction into the ion exchange system and liquid-phase carbon adsorbers.

4.4.4 lon Exchange System

Based on previous investigations, **Tc levels in the groundwater treated through the liquid treatment
system are expected to be below the 900 pCi/L target limit established by DOE for KPDES Outfall 001
discharges. As a precaution, liquid processed through the treatment system will be treated for **Tc prior to
discharge. An ion exchange system (C-102A/B) will be placed downstream of the air stripper effluent
cooler (E-104). The ion exchange system will include two ion exchange beds containing Purolite A-520-E
anion exchange resin. This resin was selected for *Tc removal in groundwater based on proven
effectiveness at the site. The ion exchange beds for removal of *’Tc are included in the design to protect
against discharge exceedances and to minimize **Tc contamination of the carbon beds downstream so that
spent carbon will not have to be managed as a mixed waste. During operation of the groundwater
treatment system, the effluent of the lead ion exchange vessel will be monitored for *’Tc. When the lead
vessel is determined to be spent, the valves on the ion exchange beds will be changed to put the lag bed
online as the lead bed and the exhausted resin will be replaced with fresh resin. A detailed monitoring
plan specifying the criteria for determining when an ion exchange vessel is exhausted will be included as
part of the O&M Plan.

4.4.5 Liquid-Phase Carbon Polishing System

The water entering the liquid treatment system may contain high levels of dissolved-phase TCE. As a
result, the effluent from the air stripper may not always meet the KPDES Outfall 001 discharge criteria
for VOCs. The residual VOCs will be removed from the air stripper effluent in a liquid-phase carbon
adsorber system (C-103A/B). The system will contain two adsorber beds each containing liquid-phase
activated carbon. The adsorbers will act as a polishing system prior to discharge of the liquid to the
KPDES permitted outfall 001.
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45 VAPOR TREATMENT SYSTEM

The soil vapor produced from ERH operations will be a mixture of air, water vapor, and high levels of
VOCs (primarily TCE). The vapor produced by ERH operations will be as hot as 203°F, and the
composition of the gas may be quite variable. Materials used in the vapor treatment system will be rated
for the expected temperature encountered. The soil vapor will consist of a maximum of 1,200 scfm of
subsurface air and up to 2,500 lb/hr of steam generated by ERH operations. The soil vapor also may
contain up to 20,000 ppmv of TCE and other VOCs. The average concentration is expected to be much
less, but the heterogeneous distribution of DNAPL in the soil may result in very high peak concentrations
of VOCs.

The vapor treatment system is designed to process the maximum peak loading of the steam and VOCs
produced by ERH operations. This system will include an SVE and vapor condensation train designed to
remove the vapor from the vapor extraction wells, a cryogenic/adsorption system to remove TCE and
other VOCs, and a vapor polishing system that uses vapor-phase carbon and permanganate impregnated
zeolite to remove VOCs remaining in the soil vapor. VOCs will be recovered from the cryogenic
condenser as an organic solvent waste. The individual components of the vapor treatment system are
described in the following sections and shown on the process flow diagram P7DC40000A001 and piping
and instrumentation diagrams P7DC40000A008 through P7DC40000A010 in Appendix F. Data sheets
are provided for each piece of equipment in Appendix G.

In the event the vapor extraction system is shutdown for an extended period, power to the electrodes will
be turned off at the PDS units. Short-term shutdowns (approximately one day or less) of the vapor
extraction system will not require discontinuing power to the electrodes.

4.5.1 SVE and Vapor Conditioning Train

The SVE and vapor conditioning train is shown on drawing P7DC40000A008 and will consist of
vapor/liquid separators (T-101 and T-102), heat exchangers (E-101 and E-102), and positive displacement
vacuum blowers (B-101A/B). These components will be designed to pull the soil vapor from the
extraction wells, separate gas from liquid, and then cool and condense the vapor in order to separate the
steam/water. This series of operations will produce a cool, dehumidified vapor that is an acceptable feed
to the cryogenic VOC removal system.

The two positive displacement blowers (B-101A/B) will be fitted with variable frequency drives that will
control extraction pressure and flow for the well field. The blowers will be sized to provide 120% of the
design flow (60% of design flow each). If soil vapor flow is near the design level, both blowers will be in
operation. If vapor flow is less than expected, one of the blowers can be shut down. A flow controller on
the soil vapor manifold will adjust the variable frequency drives to maintain 1,500 scfm flow through the
blowers (1,200 scfm from SVE wells, 300 scfm from the air stripper).

The soil vapor will be drawn through two liquid/vapor separators and a heat exchanger by the blowers.
The soil vapor from the SVE system may contain entrained groundwater. The first vapor/liquid separator
(T-101) will remove entrained water droplets from the soil vapor (primarily water that has condensed on
the walls of the piping in the vapor collection manifold). The separator is a vertical knockout pot fitted
with a mesh demister pad for liquid separation. Any condensate or water that collects in the separators
will drain into the condensate sump tank (T-108) from where it will be pumped to the liquid treatment
system. A high level switch will alarm if the water level increases to the point where it might re-enter the
gas stream.
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After T-101 the vapor then will pass through a finned-tube heat exchanger (E-101) using cooling water to
lower the temperature from 203°F to 105°F so that most of the steam from the vapor condenses. The
cooling water will be cooled through the cooling tower (Y-901). This heat exchanger will be oversized for
the average steam flow rate in the vapor so that it can handle surges in steam flow and still produce an
outlet vapor at 105°F.

The heat exchanger (E-101) may produce up to 5 gpm of condensate. Under high condensate loading,
some of the condensate can be re-entrained into soil vapor. A second vapor/liquid separator (T-102) will
remove liquid in the vapor that condenses in the heat exchanger. The T-102 separator will be similar in
construction to the T-101 separator. A high-high level switch will alarm if the water level increases to the
point where it might become re-entrained in the gas stream. If the fault condition persists, the high-high
switch also will shut down the blowers (B-101A/B), thereby shutting down the vapor treatment system
and alerting operations personnel. Liquid condensate from both vapor/liquid separators and E-101 will
drain into the condensate sump tank (T-108) and then will be pumped to the liquid treatment system.

After the T-102 Separator, the vapor goes to the two positive displacement vacuum blowers (B-101A/B).
These blowers boost the pressure of the vapors from roughly 10 inches of mercury vacuum to 10 inches
of water pressure. The heat of compression raises the temperature of the vapor from 41 °C to 107 °C (105
°F to 225 °F). The vapor then will flow through a second finned-tube heat exchanger (E-102) to lower the
temperature from 107 °C (225 °F) to 21 °C (70 °F). This heat exchanger also will be a finned-tube unit
that uses chilled glycol from a refrigerated chiller system (Y-902) to remove heat from the gas. The vapor
then will enter the cryogenic adsorption system. The vacuum blowers are equipped with variable
frequency drives that can adjust blower speed to control vapor flow. A flow controller adjusts blower
speed to maintain a total of 1,500 scfm of vapor from the extraction manifold. Vapor flow set point will
be adjusted and optimized in the field.

4.5.2 Cryogenic Adsorption System

The cryogenic adsorption system is shown on drawings P7DC40000A001 and P7DC4000A009 and will
consist of a series of four subsystems operated in parallel. Each subsystem will consist of a compressor
system (Z-1 through Z-4) and a system containing the cryogenic condenser and regenerable adsorbent (Y-
1 through Y-4). The compressor system will consist of a positive displacement blower, a screw
compressor, a receiver tank, and an after cooler. A knockout pot will be provided to prevent liquid from
entering the blower. The compressor will boost the conditioned soil vapor up to 150 psig, greatly
improving the VOC removal in the condensation system that follows. The condensation adsorber system
will contain several pieces of equipment, including a two-stage cooling system. The first stage will cool
the air enough to condense most of the water and the second stage will cool the air to minus 50°F, which
at 150 psig is sufficient to condense most of the VOCs. At this pressure and temperature, vinyl chloride
and other lighter VOCs will be removed with the TCE. The condensed VOCs will be sent to a designated
storage tank (T-107). These condensed VOCs will be disposed of in accordance with the waste
management plan included in the C-400 RAWP. The material potentially could be a mixed waste, a
characteristically hazardous waste, or it may be recyclable, depending on waste characterization results.

The air from the cryogenic condenser then will enter a two-bed adsorber system. The adsorbers will use a
polymer bead to remove most of the remaining VOCs from the soil vapor. The polymer beads perform
better on vinyl chloride and other VOCs than activated carbon. The beds will be operated in an alternating
arrangement with one bed online adsorbing VOCs, while the second bed is being regenerated. The
regeneration of the polymer adsorbent bed will be accomplished by dropping the pressure down to
atmospheric pressure and purging the loaded polymer with air. The VOC-laden air will be pulled back
into the knockout pot on the blower inlet. The VOCs will be condensed in the cryogenic condenser. These
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systems will signal a fault condition to the overall treatment system programmable logic controller if they
are not operating correctly.

Two different sized units will be utilized during Phases I and II. There will be three 500 scfm gross
capacity units that can each treat a net 410 scfm of conditioned soil vapor and one 300 scfm gross
capacity unit that can treat 270 scfm. For Phase I operations one of the 500 scfm units and the 300 scfm
unit will be installed. Two additional 500 scfm units will be added to treat the Phase II soil vapors. These
two additional units also will provide sufficient capacity for any overlapping Phase I and Phase II
operations.

One of the 500 scfm cryogenic adsorption units will be on a backup emergency generator to provide
vacuum to the vapor extraction wells so that soil vapors can be controlled during power failures.

4.5.3 Vapor-Phase Polishing System

The vapor-phase polishing system is shown in Appendix F on drawing P7DC40000A010. This system
will consist of two sets of adsorbers (C-106A/B and C-107A/B) that will remove low levels of VOCs
from the effluent air of the cryogenic adsorber system. Each adsorber system will be fabricated with
piping and valves needed to allow either adsorber to operate as the lead or lag unit. The first skid will
contain two activated carbon adsorbers to remove residual VOCs (primarily TCE and degradation
products) from the air.

The second system will be similar to the first system except that it will contain two adsorbers (C-107A/B)
filled with a zeolite media that is impregnated with potassium permanganate. These adsorbers are
designed to remove vinyl chloride that may be present in the effluent from the cryogenic adsorber system.
Vinyl chloride does not adsorb well onto carbon. The permanganate in the zeolite medium will oxidize
the vinyl chloride and will keep the effluent levels below the discharge criteria of 20 ppmv. Each adsorber
will contain zeolite and will be mounted with piping and valves needed to allow either adsorber to operate
as the lead or lag unit. If the vinyl chloride levels in the cryogenic unit discharge meet discharge criteria,
the zeolite beds will not be needed. The zeolite beds will be provided with a vapor bypass line and will be
used only to the extent they are needed. If the zeolite in the lead adsorber becomes exhausted and vinyl
chloride breaks through the bed, the polishing adsorber will be switched to the lead position and the
media in the exhausted bed will be replaced.

Off-gas from the vapor-phase polishing system will be discharged to the atmosphere through a 20-ft tall
by 8-inch diameter stack. Off-gas emissions will be monitored by a photoacoustic analyzer. The analyzer
will communicate with a control system to shut down the vapor extraction and treatment system,
including the vacuum blowers, and notify operations personnel in the event of an exceedance of discharge
criteria. The set point at the stack that will cause the vapor extraction and treatment system to shut down
is 20 ppmv, which is based on the air dispersion modeling results presented in Section 12.4.3.2 of the
RAWP. The air dispersion modeling results indicate that a stack concentration of 20 ppmv results in
property boundary concentrations that are significantly lower than the off-site limits, thus the system will
be shut down before emissions reach the quantities that will exceed acceptable risk levels.

Interlocks associated with off gas monitoring will not be disabled while the system is in operation unless
appropriate alternate monitoring is in place. In the event the interlock is disabled, the process display will
clearly indicate that it is disabled and/or the system is operating in manual mode.

Alternate monitoring will include the use of monitoring equipment with capabilities (detection limit and

accuracy) adequate for detecting potential exceedances of discharge criteria. The alternate equipment to
be used, if not the primary or backup photoacoustic analyzer, will have the capability to clearly
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communicate via visual and/or audible alarms if discharge criteria have been exceeded. This equipment
will be monitored on-site at all times by trained personnel during any operational period when the off gas
monitoring interlock is disabled. The operator will have the capability to manually shut down
vapor/groundwater extraction and treatment systems via a single stand-by shutdown switch. The manual
shut down process will terminate these operations within a time frame comparable to an automatic system
interlock shutdown of these systems.

4.6 SYSTEM CONTROLS

The ERH System and the Vapor/Liquid Treatment System will have separate computer-based control
systems. While both systems will have many shutdowns designed to protect equipment and personnel and
prevent release of contaminants to the environment, there are no direct interlocks between the two
systems. The system operators will make necessary changes if problems occur in either of the other units.
The control systems for the two units will communicate any upset conditions to each other.

On-site and remote operators can turn the ERH PDSs on or off, reset some PDS alarms, and record
temperatures throughout the ERH system. Voltage changes can be made immediately or by ramping up or
down over set time intervals. Alarms are provided for transformer over-temperature, for current trips and
faults, and for excessive voltage and current levels. The ERH system can be shutdown by anyone on-site
by pressing the Emergency Shutdown, but only authorized operations personnel can energize the
electrode field.

Remote operators can determine if system faults or unwanted operating conditions exist inside the ERH
or recovery/treatment systems. Most faults and undesired operating conditions can be corrected remotely
by altering operating parameters or can be tolerated until the next scheduled site visit. More severe system
faults may require system shutdown and operator call out.

Because collection and treatment of the vapor and groundwater are vital operations, any shutdown for this
system is communicated automatically to the ERH control system and an autodialer contacts operations
personnel. In most cases, the ERH operator will conduct an orderly, safe shutdown of the PDSs until the
recovery treatment system is back online.

Except in the case of long-term shutdown, the operation of the recovery treatment system does not have to
be adjusted due to minor problems in the ERH system. The ERH system operator will contact the

recovery treatment system operator when necessary.

The alarms associated with ERH and recovery/treatment systems (along with the actions caused by each
alarm) are identified in Table 6.
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Table 6. System Alarms and Actions

Condition

Alarm

Action

Sitewide Power Failure

Sitewide power failure

1. ERH PDS alarms

—_—

. All equipment stops running.

2. Autodialer calls out | 2. Operations staff is notified.
3. Vapor recovery at reduced rates with backup
power started manually.
4. ERH can be restarted remotely after brief
(20 minute) power failures; site visit required
following extended power failures.
ERH PDS — Major Fault
» Power failure ERH PDS alarms 1. ERH PDS shuts down.
* PDS transformer overheating 2. Problem seen in daily check.
» Tap switch out of position 3. Vapor and groundwater treatment and recovery
* Loss of power to controls systems remain operational.
4. Alarm cleared remotely or by site visit.
ERH PDS- Minor Fault
* Loss of an electrical phase No alarms 1. All systems remain operational.
* Unbalanced electrical phases 2. Problem seen in daily check.
3. Remote or on-site adjustments made.
Electrode Field
¢ Electrode malfunction or failure | No alarms 1. All systems remain operational.
* Electrode overheating 2. Problems seen at daily checks.
 Loss of temperature in subsurface 3. Perform on-site inspection.
Vapor Recovery Condenser and Chiller System
* Cooling tower fault (fan failure, 1. Vapor/treatment 1. Vapor recovery blowers are shut down.
low water flow) alarms 2. Recovery/treatment operations staff is notified.
* Low temp chiller fault 2. Autodialer calls out | 3. ERH control is alerted and operator shuts down
(compressor fault, low coolant power to electrodes.
flow) 4. Groundwater recovery/treatment shut down.
* High-high liquid level in V/L 6. Site visit required to restart systems, if fault
separators does not autocorrect.
Vapor Recovery Blowers (Single Blower Failure)
* Blower failure 1. Vapor recovery 1. Vapor treatment and ERH systems remain
* Blower overheating blower alarms operational. Vapor recovery flow is
2. Autodialer calls out automatically reset to 60% flow.
2. Operations staff is notified; cryogenic units are
shutdown to match vapor flow.
3. Site visit required to restart blower if fault does

not autocorrect.
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Table 6. System Alarms and Actions (Continued)

Condition

Alarm

Action

Vapor Recovery System (Both Blowers Fail)

« Power failure
¢ Blower failure

1. Vapor Recovery
blower alarms

. Treatment/recovery system (groundwater and

vapor) shuts down. Operations staff is notified.

* Blower overheating 2. Autodialer calls out |2. ERH control is alerted and operator shuts down
power to electrodes.
3. Condensers remain operational.
4. Site visit required to restart systems if blower
fault does not autocorrect.
Vapor Treatment System
Failure of individual vapor 1. Systems alarm 1. Faulted skid is shut down. Operations staff is
treatment (vapor treatment- 2. Autodialer calls out notified.
compressor/cooler and 2. Treatment/recovery operators lower soil vapor
condensation/adsorption) skids extraction rate to match treatment skid
capacity.
High VOC in combined outlet of Autodialer calls out 1. All systems remain operational.
vapor treatment skids Treatment/recovery operations staff is notified.
2. Treatment/recovery operators trouble shoot
system to identify problem.
High VOC outlet of lead or primary | Problem seen in routine | 1. All systems remain operational; operator
carbon/zeolite beds system monitoring switches secondary adsorber to primary
adsorption duty.
2. GAC/zeolite vessel change-out required.
High VOC outlet of vapor treatment | 1. Systems alarm 1. Vapor/groundwater extraction and treatment
system 2. Autodialer calls out systems are shutdown.
2. Treatment/recovery operators trouble shoot
system to identify problem.
Groundwater Treatment System
High-high level in DNAPL 1. Systems alarm 1. Groundwater recovery pumps shut down.
separator 2. Autodialer calls out Vapor recovery/treatment and ERH systems
remain operational.
2. Site visit required to troubleshoot and correct.
High-high level in TCE tank 1. Systems alarm 1. Liquid TCE pump (DNAPL transfer) pump
2. Autodialer calls out shut down. Vapor recovery/treatment and ERH
systems remain operational.
2. Site visit required to troubleshoot and correct.
High-high level in air stripper feed | 1. Systems alarm 1. Groundwater recovery pumps shut down.
tank 2. Autodialer calls out Vapor recovery/treatment and ERH systems
remain operational.
2. Site visit required to troubleshoot and correct.
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Table 6. System Alarms and Actions (Continued)

Condition Alarm Action

Groundwater Treatment System (Continued)

* High conductivity in TCE transfer | 1. Systems alarm 1. Treatment system operator notified. Vapor
line 2. Autodialer calls out recovery/treatment and ERH systems remain
* High/low level in hot groundwater operational
tank 2. Site visit required to troubleshoot and correct.

* Low reinjection water flow

* High/low level in air stripper
effluent tank

* Low level in air stripper feed tank

» High temperature in water
discharge

* High low air flow from air
stripper

ERH electrical resistance heating
GAC granular activated carbon
PDS power delivery system

In the event of a sitewide power failure, all system equipment, ERH, and recovery/treatment will shut
down, and the autodialers will contact operations staff using an emergency battery pack for power. The
recovery/treatment system has a backup diesel generator set that can be used to run the vapor recovery
system at a reduced flow rate. The generator has the capacity to run one of the vacuum blowers and two
of the cryogenic vapor treatment skids. The groundwater recovery/treatment system, water injection, and
ERH will remain shut down. The treatment system operator must be on-site to valve out the air stripper
and inactive cryogenic vapor treatment skids. One of the two vacuum blowers and the vapor condensation
system then can be started. This will allow removal of roughly 400 to 500 scfm of air from the soil, which
should minimize the potential for diffusion of VOCs from the heated soil. During power outage, the
groundwater extraction/treatment system will remain shutdown. When power is restored, the treatment
system will be reset to normal configuration and restarted. With brief power outages, the ERH system can
be restarted remotely. Following an extended power failure, a site visit is required to restart the control
computer and resume ERH operation.

4.7 COMMON UTILITIES

Several utilities will be common to the ERH system, the vapor treatment system, and the liquid treatment
system. The utilities include compressed air, potable water, electricity, telecommunications, and back-up
power. The individual components are described in the following sections and are shown on process flow
diagrams P7DC40000A001 and drawing through P7DC40000A005 in Appendix F. Data sheets are
provided for each piece of equipment in Appendix G.

4.7.1 Process Utilities

Process utilities include compressed air, cooling water, and chilled glycol/water. Compressed air will be
generated by a compressor (Z-901). The compressed air will be used to operate instruments, control
valves, groundwater extraction pumps, and other equipment, as needed. Cooling water will be supplied
from a packaged cooling tower, Y-901. This packaged system will include the cooling tower/fan and the
recirculation pumps as well as all controls. Makeup water for the cooling tower will come from the plant
potable water line, and cooling tower blowdown will go to the plant storm sewer system. Chilled
glycol/water will be supplied by a packaged chiller system, Y-902. The packaged system will include the
compressor/chiller, condenser, and glycol tank and all controls.
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4.7.2 Potable Water

Potable water will be supplied through an existing plant potable water supply line in the vicinity of the C-
400 facility. The potable water will be used as make-up water in the cooling tower system (Y-901) that
supplies cool water to heat exchangers located in the liquid and vapor treatment systems. A backflow
preventer will be installed on the potable water supply line to protect the potable water supply from
contamination.

4.7.3 Electricity

Electricity will be required by the ERH system, vapor treatment system, and liquid treatment system.
Adequate electrical supply will be provided from the existing PGDP electrical grid.

4.7.4 Telecommunications

Telecommunications will be provided to the site to allow for system monitoring. Various phases of each
treatment system will have the capability to be monitored remotely. The treatment systems also will
notify operations personnel via an automatic telephone dialing system if predetermined alarm conditions
occur.

4.7.5 Back-up Electrical Power

Back-up electrical power will be provided to the site via an emergency power generator. The generator
will be diesel powered and capable of generating 600 kW of 480 V three-phase power and will have a
sound-attenuation enclosure. In the event of an electrical outage to the treatment systems, the emergency
power generator would supply electricity for critical operational equipment. The generator has an integral
double contained fuel tank that has capacity for 24 hours operation.

4.8 OTHER EVALUATED TECHNOLOGIES

During the design process, other technologies for removing/destroying VOCs in the extracted vapor were
evaluated. Cryogenic adsorption was selected because of its capabilities to remove varying concentrations
(potential as high as 20,000 ppmv TCE) of VOCs with little to no effect on discharge from the unit. It
also removes VOCs in a pure product phase, thereby creating little additional waste. Vapor-phase carbon
and catalytic oxidation were evaluated and are discussed below.

4.8.1 Vapor-Phase Carbon Adsorption

Steam-regenerable vapor-phase carbon adsorption units would adsorb VOCs from conditioned SVE
vapor. These systems typically consist of parallel vapor-phase carbon adsorbers. One adsorber would be
online, while the other adsorber is being regenerated by steam. The steam from the regeneration would
pass through a chiller where the TCE and water will condense out. The water would pass through an air
stripper, while the TCE would be recovered as free product.

Regenerable vapor-phase carbon adsorption was not selected as the primary VOC removal technology

due to concerns that it would be susceptible to break through under the expected variable VOC loading.
The cryogenic systems will be able to accommodate this variability.
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4.8.2 Catalytic Oxidation

For catalytic oxidation, preheated VOC-laden air is passed through a bed of solid catalysts where the
VOCs are rapidly oxidized. Off-gas scrubbing generally is required to neutralize the acid vapor. In the
case of chlorinated hydrocarbons, an off-gas rich in hydrochloric acid is produced; therefore, a wet
scrubber using sodium hydroxide is required. Scrubber blowdown generally produces a pH-neutral brine
solution.

Catalytic oxidation was not selected as the primary VOC-removal technology due to the high capital and
operational costs associated with the technology. In addition, it is estimated that as much as 1,000,000 gal
of brine solution would be generated, which would be very costly to dispose of as a Resource
Conservation and Recovery Act-listed waste.

5. EQUIPMENT AND SITE PREPARATIONS

Site preparation may include, but is not limited to, the installation of asphalt pads on which some of the
aboveground ERH components and some of the aboveground treatment systems can be placed. Site
preparation also will include the staging of an operations trailer and removal of infrastructure to allow
flexibility in the placement of remedial system components. Infrastructure removal activities may include,
but are not limited to, dismantling and removing a bridge crane, removing a TCE tank and associated
concrete, removing a TCE pumping station, and excavating a concrete sump. Site preparations will be
performed in accordance with the specifications listed in Appendix G.

Equipment for the ERH system, vapor treatment system, and liquid treatment system will be staged at
various locations around the C-400 facility. A plan view of the ERH system layout is included in
Appendix C. A plan view for equipment related to the aboveground treatment systems is shown in
drawing M7DC40000A001 in Appendix F.

6. SAMPLING AND MONITORING

6.1 BASELINE AND POST-OPERATIONAL SAMPLING

Baseline and post-operational soil and groundwater sampling will be conducted to support analysis of the
efficiency of removal of TCE by the ERH remedial action. The difference in baseline and post-
operational TCE (and TCE degradation products) levels is intended to be a direct measure of the percent
reduction of TCE. During installation, additional characterization will be performed to evaluate the RDSI
dataset and to determine whether the aerial and/or vertical extent of the treatment zones should be
modified. The C-400 RAWP will outline the criteria for decision making with regard to modification of
the treatment zones.
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The primary means to assess the removal efficiency of TCE in the UCRS and RGA will be a comparison
of soil sampling results.” This sampling activity will target silt and sand units for characterization in the
UCRS and sand lenses in the RGA. Clay and gravel members of the UCRS are less likely to be
represented adequately by a single sample. The collection of representative soil samples from the RGA is
problematic. As soil samples are extracted, the escaping water column in the sample system rods tends to
“wash” the RGA soil samples. Sand samples are more likely to retain representative TCE contaminant
levels. During installation, planned electrode borings will be used to provide soil samples for the
characterization of soil TCE levels prior to the operation of the ERH electrodes. Colocated samples,
collected from adjacent soil borings, will characterize residual TCE levels subsequent to the operation of
the ERH electrodes.

Groundwater extraction wells and water level monitoring borings that are part of the ERH system will be
used to characterize TCE levels in groundwater before and after operation of the ERH system as a
secondary measure of TCE removal efficiency in the RGA. Baseline and post-operational characterization
includes sampling from 21 extraction wells. Where the extraction well design includes a dedicated pump
(vapor extraction wells will not have a dedicated pump), the production pump will be used in the
collection of the groundwater sample.® Field crews will use portable sampling pumps (properly
decontaminated between sampling events) to collect groundwater samples from the other wells. In
addition, the IRA will install sampling pumps in the middle and upper RGA in three extraction wells of
the southwest treatment area (wells X01, X02, and X04) and in six extraction wells of the southeast
treatment area (wells X08, X10, X11, X15, X17, and X23) to facilitate characterization of groundwater
TCE trends during the active heating periods.

Baseline and post-operational sampling and analysis requirements are addressed in more detail in the
C-400 RAWP.

6.2 OPERATIONAL SAMPLING AND MONITORING

During operations, trained personnel will monitor the treatment system to assess the performance and
progress of the remedial action activities. Systems have been designed to accommodate operational
sampling and monitoring for parameters such as the following:

Vapor recovery and treatment rates;

Water levels in the RGA;

Thermal gradient throughout the treatment zone;

Pressure at vapor extraction well heads;

Water injection rate through electrodes and groundwater extraction rate; and

Effluent contaminant concentration to demonstrate compliance with permit requirements.

7 Collection and analysis of colocated soil samples allows direct comparison of baseline and post-operational TCE
levels in a discrete volume. Groundwater samples are more indicative of average conditions in the vicinity of the
sample pump. Numerous soil samples will be collected and analyzed to evaluate both location-specific and area-
wide trends in TCE removal efficiency.

¥ The pumps will be operated at the design flow rate. Although these flow rates will exceed low flow standards,
these samples are expected to be representative of the RGA.
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These parameters will assist in controlling system operations and in determining when the criteria for
ceasing IRA system operations have been met. A sampling and analysis plan for use during system
operations will be included in the O&M Plan (see Section 7).

6.2.1 Sampling for VOC Recovery

The recovery of contaminants from the subsurface will be evaluated by monitoring the extracted vapor,
condensed liquid, and groundwater extraction streams for flow rates and VOC (primarily TCE and its
breakdown products) concentrations. The extracted vapor stream represents the influent to the vapor
phase treatment unit, while the liquid condensate and groundwater extraction streams represent the
influent to the liquids treatment system. Monitoring of these influent streams will help to determine when
the performance criteria for ceasing operations have been achieved. Vapor sampling ports will be
installed at each vapor extraction wellhead. Additionally, deep vapor extraction wells and shallow vapor
extraction wells will be piped to separate headers. Sample ports installed at these headers will allow for
vapor samples to be collected separately from the two UCRS horizons. Samples of all media (i.e., shallow
and deep vapor and groundwater) will be tested to determine baseline contaminant mass removal rates for
the various media/horizons so that any enhancement to treatment credited to ERH can be documented.

6.2.2 Monitoring of Vapor Treatment Discharge

Measurements of total VOC (primarily TCE and it breakdown products) concentrations at the discharge
stack of the vapor treatment system will be performed using photoacoustic analyzers (specification
provided in Appendix G). The analyzer will communicate with a control system to shut down the vapor
treatment system and notify operations personnel in the event of a discharge criteria exceedance.
Discharge criteria were discussed previously in Section 3 of this report.

6.2.3 Subsurface Temperature and Pressure Monitoring

The ERH heating process is monitored by process controllers connected to thermocouple arrays known as
digiTAMs. Groundwater levels within the remediation area, and surrounding area, will be monitored with
digital pressure acquisition modules, known as digiPAMs, to ensure hydraulic control of the remediation
area. DigiTAM and digiPAM arrays will be installed vertically in the subsurface in the ERH treatment
area and are discussed further in Section 4.

6.3 ANALYTICAL REQUIREMENTS

During the ERH project, a fixed-base laboratory will perform analyses for water and soil samples and for
confirmation samples, as necessary. Some parameters, such as vapor-phase VOCs, groundwater pH,
oxidation-reduction potential, dissolved oxygen, temperature, and specific conductivity, will be measured
in the field using appropriate field instruments. Additional details concerning the analytical requirements
will be presented in the O&M Plan and C-400 RAWP.

7. OPERATIONS AND MAINTENANCE

An O&M Plan will be developed and submitted for review and comment as a secondary document. Per
Section XV of the Federal Facility Agreement for the Paducah Gaseous Diffusion Plant, the schedule for
submitting the O&M Plan is addressed in the C-400 RAWP.
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8. QUALITY ASSURANCE/QUALITY CONTROL AND DATA
MANAGEMENT

Project-specific quality assurance/quality control and data management requirements are addressed in the
C-400 RAWP.

9. HEALTH AND SAFETY

A project-specific health and safety plan is addressed in the C-400 RAWP.

10. WASTE MANAGEMENT

A project-specific waste management plan is addressed in the C-400 RAWP.

11. ENVIRONMENTAL COMPLIANCE

Project-specific environmental compliance requirements are addressed in the C-400 RAWP.

12. REFERENCES

DOE 1999. Remedial Investigation Report for Waste Area Grouping 6 at the Paducah Gaseous Diffusion
Plant, Paducah, Kentucky, DOE/OR/07-1727&D2, U.S. Department of Energy, Paducah, KY, May.

DOE 2001. Feasibility Study for the Groundwater Operable Unit at the Paducah Gaseous Diffusion
Plant, Paducah, Kentucky, DOE/OR/07-1799&D2, U.S. Department of Energy, Paducah, KY,
January.

DOE 2004. Final Report Six-Phase Heating Treatability Study at the Paducah Gaseous Diffusion Plant,
Paducah, Kentucky, DOE/OR/07-2113&D2, U.S. Department of Energy, Paducah, KY, March.

DOE 2005a. Record of Decision for Interim Remedial Action for the Groundwater Operable Unit for the
Volatile Organic Compound Contamination at the C-400 Cleaning Building at the Paducah Gaseous
Diffusion Plant, Paducah, Kentucky, DOE/OR/07-2150&D2/R2, U.S. Department of Energy,
Paducah, KY, July.

DOE 2005b. Remedial Design Work Plan for the Interim Remedial Action for the Volatile Organic

Compound Contamination at the C-400 Cleaning Building at the Paducah Gaseous Diffusion Plant,
Paducah, Kentucky, DOE/OR/07-2214&D2, U.S. Department of Energy, Paducah, KY, December.

66



DOE 2005c. Remedial Design Support Investigation Characterization Plan for Interim Remedial Action
for the Volatile Organic Compound Contamination at the C-400 Cleaning Building at the Paducah
Gaseous Diffusion Plant, Paducah, Kentucky, DOE/OR/07-2211&D2, U.S. Department of Energy,
Paducah, KY, December.

DOE 2007. Remedial Action Work Plan for the Interim Remedial Action for the Volatile Organic
Compound Contamination at the C-400 Cleaning Building at the Paducah Gaseous Diffusion Plant,
Paducah, Kentucky, DOE/LX/07-0004&D1, U.S. Department of Energy, Paducah, KY, May.

GEO 2003. Six-Phase Heating Technology Assessment, GEO Consultants LLC, Kevil, KY, March.
TRS (Thermal Remediation Services) 2007. Technical Paper: Three-Phase Heating? Six-Phase Heating?

Which is Better? Accessed on the World Wide Web at
http://www.thermalrs.com/technology/whitePapers/ThreePhase vs_Six-Phase.pdf, February 2007.

67



THIS PAGE INTENTIONALLY LEFT BLANK



APPENDIX A

EVALUATION OF THE REMEDIAL DESIGN SUPPORT
INVESTIGATION RESULTS AND DERIVATION OF THE DNAPL
VOLUME ESTIMATE FOR THE AREA SOUTH OF THE C-400
CLEANING BUILDING



THIS PAGE INTENTIONALLY LEFT BLANK



EVALUATION OF RDSI RESULTS AND ESTIMATE OF DNAPL VOLUME
FOR THE AREA SOUTH OF THE C-400 CLEANING BUILDING

INTRODUCTION

The C-400 Remedial Design Support Investigation (RDSI) provides qualitative volatile organic
compound (VOC) analysis for 51 membrane interface probe (MIP) boring locations (28 shallow borings
and 33 deep borings') in the area south of the C-400 Building (Figure 1). These data and trichloroethene
(TCE) analyses of area soil and groundwater samples from the Waste Area Grouping 6 Remedial
Investigation (WAG 6 RI) are a basis for revising the estimate of VOCs, primarily TCE, as dense
nonaqueous-phase liquid (DNAPL) in the subsurface. The following calculation package documents the
assumptions and calculations of this estimate.

MEMBRANE INTERFACE PROBE DATA

The RDSI MIP data include qualitative measure (as microvolts or uV) of VOC levels for three common
gas chromatograph detectors as follows:

e Electron capture detector (ECD),
e Flame ionization detector (FID), and
e Photoionization detector (PID).

Quantitative measures of soil conductivity (as milliSiemens/meter or mS/M) are also collected in the MIP
data. Unlike laboratory gas chromatographs, the MIP system does not include a chromatographic column.
Instead, the tubing which circulates the carrier gas from the MIP probe to the gas chromatograph
detectors serves as a diffusion column. The rigid structure and stable temperature and pressure
environment of the chromatographic column of laboratory gas chromatographs are critical aspects
influencing the instrument’s analytical resolution. Variation in temperature and pressure exposure for the
MIP probe and its carrier gas system prevent a laboratory-type calibration of the detector responses to
VOCs; however, the magnitude of response of the detectors to VOCs remains consistent, and the MIP
data provide a measure of VOC level with depth. The MIP system makes measurements 20 times per ft.
with the operator advancing the MIP probe, as governed by procedure; the MIP dataset includes
measurements for all three gas chromatograph detectors and for soil conductivity on 0.05 ft intervals.

Each detector has a unique response. The ECD is the most sensitive of the three detectors to VOCs,
particularly chlorinated compounds. In many of the MIP boring locations, VOC/TCE concentrations
exceeded the linear range of calibration and saturated the ECD. The FID is relatively insensitive to VOCs
in the low-to-intermediate concentration ranges. Review of the data revealed that the PID response (which
was optimized by the selection of a detector with ionization energy similar to TCE) provided the best
measurement of VOCs/TCE across the concentration range encountered in the borings and, thus,
constitutes the best data set for evaluating TCE levels in the subsurface. Figure 2 presents the log for all
three gas chromatograph detectors for MIP-16, a MIP boring in an area with high TCE levels. Attachment
Al summarizes the PID logs for all MIP borings of the RDSI. The enclosed CD presents additional logs
of the ECD and FID data of each MIP borehole.

1 All 51 MIP borings characterized the uppermost 55 ft of soils. The 33 deep MIP borings characterized soils down
into the top of the McNairy Formation, found at depths of 87 to 98 ft.
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Figure 2. Comparison of Detector Response for Boring MIP-16




TCE ANALYTICAL DATA

The WAG 6 RI is the primary source of TCE analyses of soil and groundwater in the area to the south of
the C-400 Cleaning Building. In this area, the WAG 6 RI data are derived from the following:

« 43 borings for soil samples (providing analyses for 223 discrete soil samples of the Upper Continental
Deposits, 4 samples of the Lower Continental Deposits, and 2 samples of the McNairy Formation),

o Water samples of the Lower Continental Deposits/Regional Gravel Aquifer (RGA) from three
borings (analyses for 22 discrete samples), and

«  Water samples of two RGA monitoring wells and one Upper Continental Deposits/Upper Continental
Recharge System (UCRS) monitoring well.

Attachment A2 presents the WAG 6 RI TCE analyses for soil and groundwater from the area of the
RDSI. The WAG 6 RI data form the basis for the pre-RDSI conceptual site model.

DNAPL ZONE DELINEATION

This assessment of DNAPL volume focuses on the depth interval of 20 to 100 ft below ground surface
(bgs). The selected remedy, electrical resistance heating (ERH), requires a minimum 10 ft separation
between the ERH electrodes and any buried, electrically-conductive utilities. Numerous utilities underlie
the south C-400 area, commonly at depths of 10 ft bgs and shallower; thus, the top of the interval of
interest is 20 to 25 ft bgs.

Electrical conductivity logs define the base of the Lower Continental Deposits for the MIP borings.”
Finer-grained sediments of the McNairy Formation have a much higher electrical conductivity than the
coarser sands and gravels of the Lower Continental Deposits. The range of depth of the base of the Lower
Continental Deposits in the areas of the RDSI is 87 to 98 ft (with an average of 94 ft) for the 33 deep MIP
borings and eight previous soil borings that have penetrated the underlying McNairy Formation in the
south C-400 area. The PID trends for each of the MIP borings demonstrate that the DNAPL zones are
limited to the Upper and Lower Continental Deposits (and the uppermost one ft of the underlying
McNairy Formation in the area of a DNAPL pool at the base of the Lower Continental Deposits). No
DNAPL zones extend to depths of 100 ft bgs.

The ERH electrodes that will be used for the C-400 remedial action consist of individual 10 ft-long
electrode units. Each of the electrode units heats a soil column thickness of approximately 16 ft. The
electrode units are spaced as required to address the thickness of the subsurface interval to be treated.

For convenience, the PID data were assessed over five ft depth intervals because the five ft resolution,
approximately 1/3 of the minimum thickness that will be treated by the ERH electrodes, provides
sufficient resolution to optimize the electrode design. Comparison of contours of maximum and average
MIP values of the PID data over five ft depth intervals demonstrated that the two methods of
summarizing the data yielded similar definition of areas with high PID values. The maximum PID values
were selected to provide assurance that minor DNAPL intervals would not be ignored.

Attachment A3 provides the contoured maps of maximum PID values over five ft depth intervals,
generated by the contouring and gridding software SURFER™. Eleven extrapolation techniques were
available for contouring as follows:

% The conductivity probe malfunctioned in boring MIP-06. A gamma ray log for boring MIP-06 defined the base of
the Lower Continental Deposits.



- Inverse distance to a power - Modified Shepards method - Polynomial regression

- Kriging - Moving average - Radial bias
- Local polynomial - Natural neighbor - Triangle with liner
- Minimum curvature - Nearest neighbor - Interpretation

The PID data for the 90 to 95 ft depth interval® served to compare contoured maps developed with
SURFER ™, a standard computer code for contouring and 3-D surface mapping, using the eleven
extrapolation techniques (Attachment A4) versus a conceptual model of DNAPL distribution. PID trends
identified a DNAPL pool that should be continuous within this depth interval between the adjacent
borings MIP-14 and MIP-17 (see later text under DNAPL Pool for a discussion of this conceptual model).
Several extrapolation techniques contoured a continuous area of high PID value that included the adjacent
borings. Of these, the natural neighbor technique best correlated the adjacent borings without influence of
values from unrelated distal borings and was selected as the extrapolation technique for contouring all of
the data sets of maximum PID values over the five ft depth intervals.

Record of Decision (ROD) for Interim Remedial Action for the Groundwater Operable Unit for the
Volatile Organic Compound Contamination at the C-400 Cleaning Building at the Paducah Gaseous
Diffusion Plant, Paducah, Kentucky, DOE/OR/07-2050&D2/R2, issued August 2005, delineates the area
of investigation for the RDSI based, in part, on the WAG 6 RI interpretation of the area of TCE soil
contamination® exceeding 10* ug/kg. Additional analysis of the RDSI data determines the PID criteria
used to define DNAPL zones. This approach assumes the PID responses to DNAPL are unique (i.e.,
characteristically high PID responses). It is anticipated that PID response to DNAPL in the vadose zone
(where soil, water, and air are present and the air will dilute the volatilized DNAPL) will be significantly
different than PID response to DNAPL in the saturated zone (where only soil and water are present and
no air is present to dilute the volatilized DNAPL).

To evaluate the MIP data, the maximum PID values over five ft depths were contoured in intervals of 1 x
10° pV. Review of the PID contour maps for the vadose zone (20 ft to 25 ft and 25 ft to 30 ft depth
intervals®) indicates that contours of 2 x 10° uV (PID) delineate discrete areas that are consistent with the
conceptual model of DNAPL occurrence from the WAG 6 RI data; thus 2 x 10° pV (PID) was used to
define areas of DNAPL in the vadose zone. Similarly, a review of the PID contour maps for the saturated
zone (five ft depth intervals between 30 ft and 100 ft bgs) indicates the contour interval of 9 x 10° pV
(PID) defines discrete areas that correlate to conceptual models of DNAPL occurrence; thus, 9 x 10° pV
(PID) was used to define areas of DNAPL in the saturated zone. This criterion closely matched the
experience of representatives of the MIP contractor for the RDSI (Columbia Technologies) who reported
that areas with TCE contamination in the saturated zone characterized as 10’ uV by the PID commonly
were DNAPL zones.

® The 90 ft to 95 ft depth interval represented the most likely interval to contain a significant DNAPL pool, being at
the base of the RGA, and thus represented the best applicable conceptual model.

* The definition of the investigation area for the RDSI also was based on the area of TCE groundwater
contamination exceeding 10° pg/L, as defined by Feasibility Study for the Groundwater Operable Unit at Paducah
Gaseous Diffusion Plant, Paducah, Kentucky, DOE/OR/07-1857&D2 (Volume 4), issued August 2001.

® The water level record for monitoring well MW157 (completed in the UCRS) provides a representative record of
the depth of the water table in the south C-400 area. For the 10 year period of 1991 through 2001, the average depth
to water in MW157 is 31 ft bgs. The water level typically ranges between 29 and 32 ft bgs. MW157 is screened
from 30 to 35 ft bgs. Thus, these measurements are a true measure of the depth to the water table (i.e., not influenced
by the vertical hydraulic gradient of the UCRS).
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The definition of the DNAPL areas thus defined proved consistent between adjacent five ft depth
intervals. To simplify the design of the ERH electrode array, the DNAPL areas defined by contours of the
maximum PID values over five ft intervals have been composited over the following 20 ft depth intervals:

« 201040 ft bgs,

« 4010 60 ft bgs,

. 60 to 80 ft bgs, and
« 80to 100 ft bgs.

Figures 3 through 6 present the composite maps of DNAPL areas over these intervals. Note: the definition
of DNAPL zones for the 20 ft to 40 ft bgs and 40 ft to 60 ft bgs depth intervals® incorporates the TCE
analyses of soil samples from the WAG 6 RI data (few WAG 6 soil analyses are available for deeper
intervals). The combined data define two prominent DNAPL zones (MIP-04 Area and MIP-16 Area) and
five other areas of lesser TCE-contaminated soil (West Storm Sewer, SWMU 11 TCE Leak Site, TCE
Tank Area, 400-016 Area, and 400-163 Area) that were included in the DNAPL volume calculation.

DNAPL CONCEPTUAL MODELS

The calculation of DNAPL volume is predicated upon conceptual models of DNAPL occurrence. Primary
conceptual models used in these calculations include the following:

« Zones of vertical migration of DNAPL,
« Perched pools of DNAPL above barriers that limit further vertical migration, and
« Zones of residual contamination associated with previous DNAPL occurrence.

Numerous field studies outside PGDP (e.g., Canadian Forces Base Borden, Ontario; Cape Canaveral
Launch Complex 34, Florida; and Hill Air Force Base Operational Units 1 and 2, Utah) have
demonstrated that DNAPL distribution is complex and readily transitions spatially among the above
settings. These conceptual models are intended to characterize the general nature of DNAPL zones,
consistent with interpretations of general DNAPL occurrence at PGDP and to simplify the calculation of
DNAPL mass.

Zone of Vertical Migration: Where DNAPL is present in sufficient mass, DNAPL will overcome
capillary forces and migrate vertically into the underlying soil. The capillary resistance to DNAPL flow is
less within zones previously saturated by DNAPL, therefore DNAPL typically migrates downward
through a limited number of “fingers.” The vertical migration continues until the DNAPL mass is reduced
by sorption such that capillary force prevents further vertical migration or a physical barrier to migration
is encountered and DNAPL pools above the barrier.

® The C-400 ROD indirectly identified TCE levels in soil of 10 mg/kg and greater as indicative of a DNAPL area to
be treated. As a conservative approach, this calculation package includes several areas with TCE levels in soil of 1
mg/kg and greater.
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For the purposes of these volume calculations, the zone of vertical migration of DNAPL is approximated
as a vertical cylinder with a central core of greater DNAPL saturation’ surrounded by a zone of lesser
DNAPL saturation, the DNAPL saturation diminishing with distance from the core.

DNAPL saturation never will reach 100% because some groundwater always will be trapped in the pore
spaces. Typical DNAPL saturation of a porous soil in the core of the zone of vertical migration, after the
migration has ceased, is approximately 30%.2 In coarse sand and gravel, typical of the Lower Continental
Deposits, DNAPL saturation of the core may be significantly less.

The spatial distribution of TCE within the DNAPL zones of the Upper Continental Deposits (primarily a
silt) at the PGDP suggests TCE concentrations decline logarithmically with distance from the core (see
Feasibility Study for the Groundwater Operable Unit at Paducah Gaseous Diffusion Plant, Paducah,
Kentucky, volume 4, DOE/OR/07-1857&D2, issued August 2001). The calculations assume that the
minimum DNAPL saturation at the outer perimeter of the DNAPL zone, as defined by MIP and WAG 6
RI data, is one percent (1%) (approximately 2,550,000 pg/kg®); see Attachment A5 for the conversion of
DNAPL saturation to TCE level in soil. The average DNAPL saturation is a function of the radius of the
vertical cylinder used to approximate the zone of vertical migration.'°

DNAPL Pool: At the land surface of the original spill site or at subsurface barriers to vertical DNAPL
migration, a small DNAPL spill will pool. With additional spill, the pool will expand laterally until the
pool encounters a pathway for downward migration and the DNAPL mass is sufficient to overcome
capillary barriers to migration.

The primary area of interest for assessing a DNAPL pool is the base of the Lower Continental Deposits.
Here, sand and gravel unconformably rest upon the fine sand and silt and clay units of the McNairy
Formation. This contact represents a barrier to downward migration of DNAPL due to the significantly
smaller grain/pore sizes. Previous assessment (Final Report, Feasibility of Using Enhanced Recovery
Techniques at the C-400 Site for DNAPL Removal, issued April 1995) determined that a DNAPL pool of
approximately 5.4 ft thickness would be required for downward migration below the base of the Lower
Continental Deposits. Thus, low areas in the base of the Lower Continental Deposits (where DNAPL
could accumulate) in the vicinity of a zone of vertical DNAPL migration are of singular interest as a trap
for a DNAPL pool.

The electrical conductivity and gamma ray logs of 33 of the MIP borings provide significant additional
detail to the database of the depth of the Lower Continental Deposits/McNairy Formation contact. Only
eight previous soil borings have penetrated the contact in the area of the RDSI. Figure 7 illustrates the
depth of the base of the Lower Continental Deposits, contoured to define a structural trap (closed low
spot) in the area of a significant DNAPL pool as defined by PID profiles of several adjacent MIP borings.

" DNAPL saturation is the percentage of porosity occupied by DNAPL (e.g., where soil pores are 1/3 filled with
DNAPL on average, the DNAPL saturation is 33%).

® Dr. B.H. Kueper in The Occurrence of Dense, Non-Aqueous Phase Liquids in the Subsurface at the Paducah
Gaseous Diffusion Plant, Final Report, KY/ER/Sub/0815-1015/91/2, November 25, 1991 reported, “On average,
residual DNAPL will occupy between 5 % and 30 % of pore space.” The upper bound was used for the core of the
DNAPL zone.

® The assumption of 1% DNAPL saturation at the edge of the defined source zone is an assumed small mass ratio
factor, which is biased to the calculation of greater mass than may be present. Previous DNAPL mass estimates for
the C-400 source zones in the Feasibility Study for the Groundwater Operable Unit (DOE/OR/07-1857&D2) used
0.1% DNAPL saturation, based on WAG 6 RI soil analyses.

19 For the purpose of this evaluation, the radius of the DNAPL zones was uniformly estimated in one ft increments.
Larger DNAPL zone radii segregated into more units, which resulted in calculation of a lower average DNAPL
saturation.
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The DNAPL saturation of a pool is poorly constrained. At a minimum, the DNAPL saturation must be at
least equal to the saturation expected in the core of vertical migration. For the Lower Continental
Deposits, it was assumed that the DNAPL saturation in a pool of significant thickness is governed
predominately by hydraulic potential and would be greater than the DNAPL saturation remaining in the
zone of vertical migration. The DNAPL saturation within the pool may be as much as 60%.

Zone of Residual Contamination: The south C-400 area contains several discrete areas of soil
containing lesser TCE contamination, that appear to be the residual of DNAPL zones that have become
depleted by percolating water or may be the outer, diffuse fringe of a small DNAPL zone. The soil TCE
concentrations typically range from 1,000 to 100,000 pg/kg. These contaminant levels equate to
exceedingly small DNAPL saturations, 0.000004 and 0.0004 (0.0004 and 0.04%), respectively according
to equation A.4 in Attachment A.5.

The vadose zone at PGDP exists primarily in a loess unit (silt). A high percentage of the porosity between
20 and 30 ft bgs is expected to be filled with water. The following DNAPL volume calculations do not
include a correction for reduced water saturation in the vadose zone.
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DNAPL VOLUME CALCULATIONS

Incorporating the above assumptions, the calculation of DNAPL volume is as follows:

DNAPL volume = volume of DNAPL zone x porosity (0.36) x DNAPL saturation.

Attachment A6 documents the calculation of DNAPL volume for each of the two primary DNAPL zones
(the MIP-04 and MIP-16 Areas) and the five other areas of TCE-contaminated soil (West Storm Sewer,
SWMU 11 TCE Leak Site, TCE Tank Area, 400-016 Area, and 400-163 Area). AutoCAD™ provided the
areas used in the volume calculations. Calculations for each of the two primary DNAPL zones use
discrete, average DNAPL saturation values that were approximated by assuming that the DNAPL
saturation declined by a uniform rate from the core of the DNAPL zone (where the DNAPL saturation
equaled 30% in the Upper Continental Deposits and 20% in the Lower Continental Deposits) to the edge

of the DNAPL zone (where the DNAPL saturation equaled 1%).

Table 1 summarizes the calculated volume of DNAPL for each area shown on Figures 3 and 6.

Table 1. Summary of Estimated DNAPL Volumes.

DNAPL Area General Location Maximum Depth | DNAPL Volume
Area (ft bgs) (gals)
(ft")
MIP-04 Area Northwest RDSI area 6,000 20-70 23,100
MIP-16 Area East —central RDSI area 5,300 20-80 29,681
MIP-16 Area (DNAPL Pool) East —central RDSI area 4,800 84 - 97 22,049
West Storm Sewer West RDSI area 1,300 20-40 1
SWMU 11 (TCE Leak Site) East RDSI area 775 28 - 32 250
TCE Tank Area East side C-400 1,700 20 -60 49
400-016 Area South side C-400 2,000 16 — 34 1
400-163 Area Southeast RDSI area 1,400 8- 48 22
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Depth Below Ground Surface (ft)
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Depth Below Ground Surface (ft)
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Depth Below Ground Surface (ft)
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CD with Additional Logs of the ECD and FID Data of Each MIP Borehole
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ATTACHMENT A2

TCE Analyses of Soil and Groundwater from the Waste Area Group 6
Remedial Investigation for the Remedial Design Support Investigation Area
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GROUNDWATER DATA OF MIP INVESTIGATION AREA

TCE (ug/L)
BORING DEPTH (ft) SW846-8010M
400-037 61 79,078
400-037 66 172,858
400-037 74 701,184
400-037 76 638,576
400-037 81 419,380
400-037 86 42,072
400-037 91 39,096
400-037 96 85,597
400-038 61 60
400-038 66 3,656
400-038 71 4,464
400-038 76 745
400-038 87.5 1,352
400-038 81 1,010
400-038 86 19,373
400-045 64 24,473
400-045 69 13,549
400-045 74 630
400-045 79 246
400-045 84 129
400-045 89 137
MW155 89.5 6,900
MW156 66.5 26,000

Note, all groundwater samples but that of boring 400-037 (96 ft
depth) were collected from the RGA. The sample from boring 400-
037, at 96 ft depth, represents the McNairy Formation
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SOIL DATA OF MIP INVESTIGATION AREA

DEPTH (ft) TCE (ug/kg) DEPTH (ft) TCE (ug/kg)

BORING TOP  BOTTOM SW846-8010M BORING TOP  BOTTOM SWB846-8010M
011-002 0 4 <800 011-006 0 4 <700
011-002 4 8 <1,000 011-006 4 8 <700
011-002 8 12 <700 011-006 8 12 <800
011-002 12 16 <800 011-006 12 16 <600
011-002 16 20 <900 011-006 16 20 <600
011-002 20 24 <700 011-006 20 24 <600
011-002 24 28 <800 011-006 24 28 <600
011-002 28 32 <1,100 011-006 28 32 <700
011-002 36 40 <1,000 011-006 32 36 <600
011-002 40 43 <1,000 011-006 36 40 <500
011-002 43 47 <700 011-006 40 44 <600
011-003 0 4 <1,000 011-006 44 48 7,800
011-003 8 11 <700 011-007 24 28 <600
011-003 14 17 <1,000 011-007 36 40 <600
011-003 17 20 <800 011-008 13 17 <700
011-003 20 24 <800 400-014 0 4 2,200
011-003 24 28 <800 400-014 4 8 23,000
011-003 28 32 <700 400-014 8 12 52,000
011-003 32 36 <700 400-014 12 16 66,000
011-003 36 40 6,200 400-014 16 20 65,600
011-003 40 44 29,000 400-014 20 24 64,000
011-003 44 48 13,000 400-014 24 28 16,100
011-004 0 4 <700 400-014 28 31 2,200
011-004 4 8 <1,000 400-014 31 35 1,300
011-004 8 12 <700 400-014 35 38 14,900
011-004 12 16 <700 400-014 38 42 100,000
011-004 16 20 <700 400-014 42 45 42,000
011-004 20 24 <800 400-014 45 49 200,000
011-004 24 27 <800 400-015 3 8 <1,100
011-004 27 31 <800 400-015 8 12 35,000
011-004 31 34 <800 400-015 19 23 200,000
011-004 34 38 <800 400-015 19 23 200,000
011-004 38 41 <800 400-015 30 33 94,400
011-004 41 45 <600 400-015 40 43 28,000
011-004 45 48 <1,000 400-016 5 8 <800
011-005 4 8 <800 400-016 8 12 <500
011-005 20 24 12,800 400-016 16 20 1,500
011-005 24 28 57,200 400-016 20 24 1,800
011-005 28 32 8,000,000 400-016 30 34 1,900
011-005 32 35 1,700

011-005 35 39 <700

011-005 39 42 <600

011-005 42 45 500 J

011-005 45 49 1,500
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SOIL DATA OF MIP INVESTIGATION AREA

DEPTH (ft) TCE (ug/kg) DEPTH (ft) TCE (ug/kg)

BORING TOP  BOTTOM SW846-8010M BORING TOP  BOTTOM SWB846-8010M
400-038 5 5 <700 400-145 0 4 <600
400-038 10 11 4,600 400-145 4 8 <700
400-038 15 15 6,300 400-145 8 12 <600
400-038 20 20 6,300 400-145 10 10 <900
400-038 25 25 6,400 400-145 12 16 <700
400-038 30 30 1,400 400-145 16 20 <600
400-038 35 35 <800 400-145 18 18 <800
400-038 39 39 9,600 400-145 20 24 <700
400-038 46 49 30,000 400-145 22 22 <600
400-038 49 49 26,000 400-145 24 28 <600
400-038 53 53 <800 400-145 26 26 <800
400-045 6 10 18,200 400-145 28 32 <700
400-065 9 13 <500 400-145 32 34 <800
400-066 13 17 <700 400-145 34 34 <700
400-067 8 12 5,600 400-145 36 40 <1200
400-068 13 17 11,400 400-145 38 38 <500
400-069 13 17 4,100 400-145 40 44 <600
400-072 13 17 <500 400-145 42 42 <400
400-073 13 17 3,000 400-146 15 19 8,800
400-087 4 8 2,900 400-163 21 25 22,100
400-088 6 10 <1,000 400-163 24 28 11,000
400-089 6 10 12,000 400-163 28 32 46,000
400-091 8 12 2,000 400-163 32 36 15,000
400-101 7 11 <600 400-163 36 40 60,000
400-106 13 17 9,500 400-163 40 44 75,000
400-114 6 10 <500 400-163 44 48 36,000
400-115 14 18 <600 400-192 4 8 <900
400-116 8 12 <600 400-192 8 12 <900
400-134 12 16 8,200 400-192 12 16 <700
400-141 0 4 <900 400-192 16 20 <900
400-141 4 8 <700 400-192 20 24 <700
400-141 8 12 <700 400-192 24 28 <700
400-141 12 16 <900 400-192 28 32 <1,000
400-141 16 20 <800 400-192 32 36 <1,000
400-141 20 24 <800 400-192 36 40 <900
400-141 24 28 <700 400-192 40 44 <700
400-141 28 32 <700 400-192 44 48 <800
400-141 32 36 <700

400-141 36 40 <1,000

400-141 40 44 <700

400-141 44 48 <600

400-142 7 11 25,000



SOIL DATA OF MIP INVESTIGATION AREA

DEPTH (ft) TCE (ug/kg) DEPTH (ft) TCE (ug/kg)
BORING TOP  BOTTOM SW846-8010M BORING TOP  BOTTOM SWB846-8010M
400-194 0 4 <700 400-207 28 30 <600
400-194 4 8 <800 400-207 66 67 4,500
400-194 8 12 <1,000 400-207 82 83 24,000
400-194 12 16 <800 400-207 97 99 <800
400-194 16 20 <800 400-207 Duplicate 43 a4 800
400-194 20 24 <800 400-207 Duplicate 71 72 65,000
400-194 24 28 <900 400-207 Duplicate 94 95 25,000
400-194 28 32 <700 400-207 Duplicate 102 103 <700
400-194 32 36 <800 400-211 0 4 <800
400-194 36 40 <1,100 400-211 4 8 <1,000
400-194 40 44 <800 400-211 8 12 <800
400-200 1 5 55,000 400-211 12 16 <800
400-200 5 9 10,000,000 400-211 16 20 <700
400-200 9 13 1,000,000 400-211 20 24 <900
400-200 13 17 40,000 400-211 24 28 <700
400-200 17 21 2,000,000 400-211 28 32 <800
400-200 17 21 2,000,000 400-211 32 36 <700
400-200 25 29 3,000,000 400-211 36 40 <1,400
400-201 20 24 200,000 400-211 40 44 <800
400-201 24 28 100,000 400-211 44 48 <700
400-201 28 32 93,000
400-201 32 36 61,000
400-201 36 40 1,900
400-201 40 44 <1,100
400-201 44 48 15,000
400-202 0 4 200,000
400-202 4 8 52,500
400-202 8 12 49,700
400-202 12 16 62,300
400-202 16 20 62,900
400-202 20 24 33,000
400-202 24 28 14,200
400-204 0 4 <700
400-204 4 8 <900
400-204 8 12 <800
400-204 12 16 <800
400-204 16 20 <800
400-204 20 24 <800
400-204 24 28 <900
400-204 28 32 <700
400-204 32 36 <1,000
400-204 36 40 <800
400-205 20 24 <700
400-205 32 36 <700
400-205 36 40 <800
400-205 40 44 <800
400-205 44 48 <700
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ATTACHMENT A3

Contoured Maps of the Responses of the Photoionization Detector, Maximum
for Five ft Depth Intervals
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ATTACHMENT A4

Comparison of Extrapolation Techniques for PID Data from 90-to0-95 ft Depth
Interval
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ATTACHMENT A5

Conversion of TCE Concentration and DNAPL Saturation
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For soil present below the water table, the TCE concentration in contaminated soil is equal to the
following:

Equation A.1 TCE mass
TCE mass + soil mass + water mass

where:

TCE mass = TCE density x soil porosity x DNAPL saturation,
soil mass = soil matrix density x (1 - soil porosity), and
water mass = water density x (soil porosity — soil porosity x DNAPL saturation).

The density of TCE is 1.46 g/cc. At PGDP, the soil matrix mineralogy is predominately quartz, as silt
which comprises the loess and Upper Continental Deposits, and chert, as sand and gravel in the Lower
Continental Deposits. Quartz and chert have a density of 2.65 g/cc. The density of pure water is 1.00
g/cc. Dissolved solids levels in the PGDP groundwater (typically less than 1,000 parts per million) do not
materially impact the water density.

The WAG 6 RI provides numerous geotechnical analyses of soil samples from the Upper and Lower
Continental Deposits. In both units, the representative porosity value is 0.36 (36%).

By substituting values for density and porosity, the equation for TCE concentration in soil becomes:

Equation A.2

1.46 g/cc x 0.36 x DNAPL saturation

1.46 g/cc x 0.36 x DNAPL saturation + 2.65 g/cc x 0.64 + 1.00 g/cc x (0.36 — 0.36 x DNAPL saturation)

which simplifies to the following:

Equation A.3

0.5256 x DNAPL saturation
2.056 + 0.1656 x DNAPL saturation

This relationship can also be expressed as follows:

Equation A.4 DNAPL saturation = 2.056 x TCE concentration
0.5256 - 0.1656 x TCE concentration
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Nomenclature

Symbol Description

Q+'m Ohm meters, electrical resistivity unit

°C Degrees Celsius, temperature unit

BGS Below ground surface — site depth reference

BTU British thermal unit — energy unit

cfm Cubic feet per minute — vapor flow rate unit

CWE Cold water equivalent

digiTAM™ Digital Temperature Acquisition Module

digiPAM™ Digital Pressure Acquisition Module

DOE United States Department of Energy

DNAPL Dense non-aqueous phase liquids

ET-DSp™ Electro Thermal Dynamic Stripping Process

Gpm Gallons per minute — liquid flow rate

GW Groundwater

kW Kilowatt — electrical power unit (1,000 watts)

kWh Kilowatt hour — electrical energy unit (1,000 watts in 1 hour)
kWh/m? Kilowatt hour per m? — electrical energy density unit

m Meters — geometric distance unit

m? Square meters — geometric area unit

m? Cubic meters — geometric volume unit

mD milliDarcies — hydraulic permeability unit (0.001 Darcies)
MWh Megawatt hour — electrical energy unit (1,000,000 watts for 1 hour)
Mc2 McMillan-McGee Corp.

MM million

MPE Multi-Phase Extraction

MSL Mean sea level — site depth reference

NAPL Non-Aqueous Phase Liquid
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Symbol Description

PDS Power Delivery System

ppm Parts per million — chemical concentration unit

PGDP Paducah Gaseous Diffusion Plant

PRS Paducah Remediation Services, LLC

RGA Regional Gravel Aquifer — hydrogeologic region

Scfm Standard cubic feet per minute — vapor flow rate, ambient
SVE Soil vapor extraction

SWMU Solid Waste Management Unit

TBD To be determined

TCE Trichloroethylene

UCRS Upper Continental Recharge System — hydrogeologic region
VOC Volatile organic compound

VX Vapor extraction

WCS Water Circulation System
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1. Summary

An ET-DSP™ system
consisting of 369
electrodes, 80 extraction
wells, 17 PDS units,
and MPE treatment

system

The objective of the numerical simulation study is to develop
a subsurface model of the Paducah Gaseous Diffusion Plant
(PGDP) C-400 site to determine the optimal system design
and operating strategy for application of ET-DSP™ in
conjunction with a multi-phase extraction (MPE) and above-
ground treatment system. The site consists of three distinct
treatment volumes designated as the Southeast, Southwest
and East areas. Of these areas the Southeast contaminant
zone 1s the largest and represents 62% of the total treatment
volume. Simulation of the Southeast area is based on a two-
part model of the Upper Continental Recharge System
(UCRS) and Regional Gravel Aquifer (RGA) geological units.

For the RGA a groundwater flow velocity of 1 ft/day is
represented in the model based on site-specific parameters.

A flow velocity of 1 ft/day is the expected condition but a flow
velocity of 3 ft/day also was modeled as a contingency.
Calculated representative groundwater flow rates for the
RGA at C-400 are 0.65 ft/day in the upper RGA and 1.7 ft/day
in the lower RGA!. In addition, a flow velocity of 6 ft/day was
modeled to evaluate how a much higher than expected flow
velocity will affect heating. The groundwater is largely
stagnant in the UCRS, where the vertical hydraulic
conductivity is 3 orders of magnitude less (direction of
groundwater flow), so that the treatment volume above 19.8
m (65 ft) is modeled with no groundwater flow.

The study resulted in a technical approach for the PGDP C-
400 Complex similar to other Electro-thermal Dynamic

1 Calculated flow rates assume the RGA hydraulic conductivity is 425
ft/day (the value assigned to the C-400 area in the PGDP groundwater
flow model), the porosity is 0.25 (value commonly used in site
contaminant transport modeling) and the gradient in the upper RGA is
3.8E-04 and the gradient in the lower RGA is 1.0E-03. (Gradients are
documented by comparison of monitoring wells at the southeast corner of
C-400 and northwest of C-400, along the pathway of the Northwest
Plume.) These compare to flow rates of 2.7 to 2.8 ft/day in the off-site
Northwest Plume, as determined by definitive TCE trends related to
startup of the Northwest Plume Extraction Well Field, where the
hydraulic conductivity is very high.
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Stripping Process (ET-DSP™) DNAPL projects with specific
regard to the following design issues:

1.

Treatment using ET-DSP™ and extraction systems is
confined to three areas of the site defined by the Dense
Non-aqueous Phase Liquid (DNAPL) distributions.
Remediation is to occur along existing infrastructure
with minor impact on ongoing operations at PGDP.

The ET-DSP™ treatment volumes extend below
surface from 5.5 m (18 ft) to a maximum depth of 30.5
m (100 ft) below ground surface (BGS)2Z. Due to the
presence of buried utility lines at 3.0 m (10 ft) BGS,
only Soil Vapor Extraction (SVE) operations will be

permitted for treating impacted areas above the 5.5 m
depth.

Electrical and hydraulic properties of the soil are
variable through several layers in the treatment
volume. The upper portion of the treatment volume
consists of Upper Continental Recharge System
(UCRS) deposits of clay, silty sand and gravel. The
lower portion includes the sand and gravel layers of
the Regional Gravel Aquifer (RGA) and silty sand in
the upper 1.0-2.5 m (3.3-8.2 ft) of the McNairy
formation.

There is significant groundwater flow in the RGA that
may affect electrical heating performance. This will
require additional thermal energy to heat the soil
where this flow enters the treatment volumes.

Hydraulic control will be maintained at all times
during remedial operations, and

The heating strategy and treatment operations must
minimize the overall energy consumption of the
project.

2 The maximum depth of the Continental Deposits above the McNairy
Formation.
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The results of this study indicate that an ET-DSP™
configuration of 3693 electrodes and 80 extraction locations
including 28 MPE wells with groundwater extraction
capability4 will provide the capability to adequately heat the
treatment volume and achieve criteria for ceasing operations
in 240 days or less.

The layout of the electrodes and extraction wells is an
optimal configuration to meet the remediation goals as
previously defined in Section 3 of the Remedial Design
Report. This report provides the results of a numerical
simulation study for the PGDP C-400 Complex to support
design recommendations for the technical approach.

3 The electrode locations are configured in layers with one to five
electrodes per well to target the three treatment volumes.

4 The extraction system consists of 28 dedicated extraction well borings
and 52 extractors placed above the top electrode at electrode wells within
the treatment areas.
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Table 1-1 presents a summary of the project details and
physical site parameters that were used in the numerical
simulation. Note that the calculations used to determine the
volumes are presented in Appendix B. The calculation of
areas was determined by overlaying the different plumes on
top of each other and determining the overall footprint. The
temperature response is measured in the laboratory; this
multiplying factor represents the decrease in electrical
resistivity as the soil is heated from ambient conditions to
the boiling point of water. Other values such as hydraulic
conductivity, permeability, and porosity were provided by
PRS. Values for heat capacity and thermal conductivity were
obtained from the public domain.

Additional data were obtained from professionals at PRS and
laboratory tests performed by McMillan-McGee. The soil
properties are fully represented in the figures of Section 2,
but are summarized for the treatment volume as follows (all
depth measurements are approximate):
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Table 1-1: Paducah C-400 Project and Site Characteristics

Item SE Area | SW Area East Comments
Area
Treatment Area 1,490 m2 | 649 m? 661 m? Composite of plume areas
Total area — 2,800 m?
Heated Volume 10,398 m3 | 5,564 m3 | 4,519 m3 | Total Vadose — 20,481 m3
12,973 m3 | 3,254 m3 1,007 m3 | Total Saturated — 17,234 m3
23,371 m3 | 8,818 m3 5,626 m3 | Total Heated — 37,715 m3
Deep Extent 30.5 m 24.4 m 18.3 m Maximum
Shallow Extent 5.5 m BGS Utilities at 3.0 m BGS
Groundwater 16.8 m BGS Client data
Contaminants of TCE and breakdown products Client data
Concern
Soil Resistivity 38t0 108 Q*m Measured data®
Temperature 3.15 (Initial Q*m /Minimum Q*m) | Decrease in resistivity
Response
Hydraulic Silt/Sand/Gravel, 5.8-11.6 m BGS: 3.0E-5/ 3.0E-3
Conductivity (cm/s) | Clay, 11.6-20.4 m BGS: 5.0E-7/ 3.0E-5
Vertical/Lateral Gravel, 20.4-26.8 m BGS: 7.5E-2/ 1.5E-1
Sand/Silt, 26.8-30.5m BGS: 1.6E-7/ 6.3E-6
GW Flow Velocity 2.1E10-2 cm/s (1 ft/day) — expected RGA flow velocity

6.4E10-2 cm/s (3 ft/day) — upper limit for RGA flow velocity

UCRS Permeability

300 mD to 30,000 mD

RGA Permeability 150,000 mD
Porosity 0.30 to 0.35
Saturation Saturated zone — 100%

Unsaturated zone — 40%

Heat Capacity

Hydrocarbon — 1.40 kd/kg/°C
Water — 4.19 kd/kg/°’K
Rock — 0.84 kd/kg/°C

Thermal
Conductivity

Water — 67.96 kd/m/°C/day
Rock — 466.3 kJ/m/°C/day

1. The UCRS extends from surface to 19.8 m (65 ft) BGS

and consists of up to three layers of Upper Continental
Deposits in the treatment volume:

a. An upper gravel layer may appear from 5.8
m to 8.8 m (19 to 29 ft) BGS, with a high
electrical resistivity of 108 Q*m,

5 Data provided in an attachment to this Numerical Simulation Report.
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b. Mixed sand and silt from 8.8 m to 11.6 m (29
to 38 ft) BGS, with a resistivity averaging 58
Q-+m, and

c. Clayey-silt from 11.6 m to 19.8 m (38 to 65 ft)
BGS, with a resistivity of 38 Q*m

. In the UCRS, the lateral hydraulic conductivity for the

gravel, sand and silt is estimated at 3.0E-3 cm/s, while
the clay layer has a lower hydraulic conductivity of
3.0E-5 cm/s. The simulation accounts for the decrease
in viscosity of the water with temperature (there is a
three-fold decrease in viscosity from 20 °C to 90°C).

. The RGA extends from 18.3 m to 29.0 m (60 to 95 ft)

BGS, consisting of gravel of the Lower Continental
Deposits. This zone has a high resistivity of 103 Q*m
with a hydraulic conductivity about 1.5E-1 cm/s.

. The section of the McNairy Formation specified for

treatment covers a maximum depth range of 29.0 m to
30.5 m (95 to 100 ft) BGS and contains a sand and silt
mixture with a resistivity of 58 Q+*m and a low
hydraulic conductivity of 6.3E-6 cm/s.

. As the site is heated, the electrical resistivity

decreases by a minimum factor of three and the
permeability of clay layers increases. At some sites
the permeability increases by a factor of ten® due to
heating. This magnitude of permeability increase is
not predicted for the RGA because the flow occurs in a
gravel zone. However, permeability of the UCRS may
increase, although, the simulation did not assume any
Increase.

Table 1-2 summarizes the design components for the
technical approach.

6 Decreases in electrical resistivity measured in the Mc2 Electro-thermal
Lab and increases in permeability based on field experience at other
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Table 1-2: Summary of the Technical Approach

Item SE SW East | Comments
Area Area Area
ET-DSP™ Electrodes 245 85 39 1-5 electrodes stacked, 369 total
ET-DSP™ PDS Units 11 4 2 660 kW, 17 total
Electrode Spacing 6.1m spacing varies

Electrode Vertical Placement — BGS Depths of Electrodes

Deep RGA Electrode 27.5 to 30.5 m ZZ%I f??%:ldﬁdil;?ii;g];‘gfgilif;2
Shallow RGA Electrode 21.5t024.5 m

Deep UCRS Electrode 16.0 to 19.0 m

Middle UCRS Electrode 11.0 to 14.0 m

Shallow UCRS Electrode 55t085m No heating above 5.5 m BGS

Target Temperature

90 °C - vadose zone
87 °C -115 °C - saturated

varies with zone and with depth
below water table

MPE Wells 19 6 3 Depths vary, 28 total
Vacuum Piezometers
(Contingency vapor 7 2 1 Limited to vadose zone, 10 total
recovery wells)
Electrode XE-Wells 34 13 5 Above upper electrode, 52 total
Water Injection Temp. 20°C Water injected to electrodes
Water Injection (GPM) 40.0 15.8 7.8 Delivered via WCS
Extraction based on 5% more
Liquid Extraction (GPM) |51.0 |20.3 |sg | thaninjection plus9 gpm in SE
4 ’ ’ ’ and 3,7 gpm in SW (1 ft/day
groundwater flow)
Vapor Recovery Rate 460 216 108 ~ 800 scfm total, XE-Wells off
(SCFM) 732 320 148 ~1,200 scfm total, XE-Wells on
Time to Reach Average ~ 90 days Estimate from simulation
Temperature
12/28/2007 McMillan-McGee Corp.
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1.1.Numerical Simulation Results

The results of the numerical simulation are summarized in
Tables 1.3 and 1.4. Table 1.3 provides the energy required to
heat the zones, assuming stagnant groundwater flow
conditions.

Table 1-4 lists the energy required to heat the subsurface for
groundwater flow conditions of 1 ft/day (expected condition),
3 ft/day, and 6 ft/day. Note that the 2-D simulation runs
showed the design would not adequately heat the RGA under
conditions of 6 ft/day flow velocity. The power per electrode
shown in Table 1-4 reflects the power levels that would be
needed to heat the RGA, although, the design could not
deliver the power levels required for a 6 ft/day flow velocity.

Simulation of the Southeast area is based on a two-part
model of the UCRS and RGA geological units. Simulation
results for the UCRS and RGA in the Southeast area are
extrapolated to the Southwest and East areas. Based on past
experience and given the relatively uniform soil properties at
the C-400 site, direct volumetric scaling of the Southeast
area model will provide sufficiently accurate results for
determining operational parameters of the other two areas.
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Table 1-3: Summary of numerical simulation results for the Paducah C-400 Project

Treatment Area SE Area  SW Area East Units
Area

Electrical

Electrical Energy 6,594 2,288 1,049 mW-h

Average Power 1.526 530 243 kW

Energy Density ~290 ~260 ~190 kW-h/m3

Peak Power 1,980 689 315 kW

Operations

Total Liquids Injected 39,247 15,503 7,653 m3

Total Liquids Produced 50,040 19,917 8,035 m3

Electrode Injection Rate 0.1t00.2 0.1to0.2 0.1t00.2 gpm

Extraction Well Rate 2.7 3.4 2.7 gpm

X-Well Vapor Flow Rate 20.0 36.0 36.0 scfm/well

XE-Well Vapor Flow Rate 8.0 8.0 8.0 scfm/well

Produced Energy (energy 2,641.8 761.9 346.5 mW-h

from vapor and
_groundwater extraction)

Note: Energy values assume stagnant groundwater conditions

Table 1-4: Energy Required for RGA Groundwater Flow Scenarios

Southeast Area
Stagnant 1 ft/day 3 ft/day 6 ft/day Units
Average total power level 1,526 1,716 2,094 2,851 kW
Power level per RGA electrode 6.2 8.1 12.8 18.8 kW
Power level per UCRS electrode 6.2 6.2 6.2 6.2 kW
Total energy 6,594 7,411 9,046 11,499 mW-h
Total energy in UCRS 3,832 3,832 3,832 3,832 mW-h
Total energy in RGA 2,762 3,579 5,214 7,667 mW-h
Southwest Area
Stagnant 1 ft/day 3 ft/day 6 ft/day Units
Average total power level 530 608 766 1,003 kW
Power level per RGA electrode 6.2 9.8 17.0 27.7 kW
Power level per UCRS electrode 6.2 6.2 6.2 6.2 kW
Total energy 2,288 2,628 3,310 4,332 mW-h
Total energy in UCRS 1,619 1,619 1,619 1,619 mW-h
Total energy in RGA 668 1,009 1,690 2,712 mW-h

1.2.Recommendations

In summary, based on the results of the numerical simulation study,

the following recommendations are put forward for the design of an

ET-DSP™ gystem for the Paducah C-400 Project (refer to drawings in
Appendix C for details on subsurface layout):
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. Three arrays of 3.0 m (10 ft)-long electrodes will be configured to

remediate the full treatment areas defined by the NAPL
distribution. One to five electrodes will be stacked to cover the
vertical extents of the treatment volume at each well location.
For effective remediation, the Southeast, Southwest, and
Eastern treatment areas of the site require a total of 369
electrodes in 110 boreholes.

. The results of the numerical simulation calculations indicate

that for optimum heating, the perimeter electrodes need to be
operated at 20 to 30 % greater power per electrode than the
interior electrodes. This was a result of the high hydraulic
conductivity of the soil and associated water inflow while
maintaining hydraulic control.

. The number of electrodes relative to the total treatment volume

1s increased to ensure the capture of rising vapors from above
the saturated zone in the Southeast area. As well, relatively
more electrodes are needed to compensate for the proportionally
large surface area of three separate treatment areas with varied
volumetric shapes (resulting in greater exposure to cooling
effects from the surrounding unheated soil). However,
delineating the treatment volume according to the known
contaminant distribution at each depth results in more efficient
use of these electrodes.

. Due to extensive utility lines present down to 3.0 m (10 ft) BGS,

the uppermost electrodes will be placed to limit the heating
influence to below this depth and minimize interference with
existing electrical systems. Step potential tests during
commissioning and operation of the ET-DSP™ gsystem will verify
surface voltages are limited to safe levels (less than 15 V).

. Seventeen 660 kVA Power Delivery System (PDS) units will

provide power to the electrodes. Each PDS is capable of
independent power control to each electrode via internet control.

. Electrical conductivity of the soil and heat transfer by

convection will be maintained at all electrodes using fifteen
Water Circulation System (WCS) units. Water injection to each
electrode will vary between 0.1 and 0.2 gpm. Injection rates in
the saturated zone are lower than in the unsaturated zone.
Rates are generally 0.1 gpm in the saturated zone and 0.2 gpm
in the unsaturated zone. Actual injection and extraction rates
during operations will be adjusted to maintain hydraulic control.
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7. The Multi-Phase Extraction (MPE) system will consist of

vertical wells installed within the electrode arrays at depths
corresponding to the defined contaminant distributions. The
Southeast area requires 53 extraction points, including 19 MPE
wells and 34 vapor extractors installed at 4.0 m (13.1 ft) BGS in
the electrode wells. The Southwest area requires 6 MPE wells
and 13 electrode well vapor extractors. The East area is a
shallow contaminated soil zone that requires 3 MPE wells and 5
electrode well vapor extractors. The extraction system will
remove volatilized contaminants from the heated zone.

. The average vapor extraction rate for each deep extraction wells

in the Southwest and East areas 1s 36 standard cubic feet per
minute (scfm) and 8 scfm for each shallow extraction well co-
located with an interior electrode. This rate was used in the
numerical modeling. Due to an increased number of vapor
extraction points in the Southeast, the average vapor extraction
rate for wells screened over the entire UCRS was estimated at
30 scfm. Five wells only have vapor screens at the bottom of the
UCRS (X07 — X11) and a flow rate of 8 scfm was assumed for
these wells. Total vapor extraction rates will not exceed 1,200
scfm.

. The total liquid flow rate from all the MPE wells is estimated at

79.5 gpm during treatment. However, because the remediation
will occur in phases, i.e., first the Southwest and East and then
the Southeast, the maximum extraction rate at any one time
will be 51 gpm. The extraction rate from the Southeast and
Southwest areas includes the RGA groundwater flow, assumed
to have a flow velocity of 1 ft/day. These extraction rates will
ensure that all volatilized contaminants are captured and
hydraulic control is maintained during ET-DSP™ operations.

10. Vapor extraction from the shallow extraction wells co-located

with interior electrodes are not operated until after 60 days of
ET-DSP™ operations are completed. This approach will ensure
that target temperatures are achieved in the upper strata of the
UCRS. Operating these shallow extractors before the UCRS
achieved target temperatures would remove too much energy
from the subsurface and make it harder to reach target
temperatures. As a contingency, if monitoring at the surface
and in the vicinity of site workers indicates that VOC vapors are
migrating to the surface and are becoming a safety concern, the
shallow vapor extractors will be put into service.
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11. Within the heated areas, Digital Temperature Acquisition
Module (digiTAM™) strings will be installed in at least 47
sensor wells. Each digiTAM™ will be constructed to monitor
temperatures for the full treatment depth at each sensor well
location. This data will be used to ensure target temperatures
are achieved and maintained in the soil and that heat transfer
to surface is safely controlled.

12. The simulation study assumed ET-DSP™ operations for 180
days, including the initial period of heating to target
temperatures. Due to the potential for Dense Non-Aqueous
Phase Liquid (DNAPL) mass removal rates exceeding the
capacity of surface facilities, an additional two months of
operations may be necessary to achieve the cleanup goals.
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2. Discussion

The ET-
DSP ™
system is:

1. Designed to
vaporize the
TCE

2. Installed along
existing
infrastructure

3. Controlled
remotely, and

4. Monitored via
the internet.

The C-400 Complex is located at the Paducah Gaseous Diffusion Plant
west of Paducah, Kentucky. Trichloroethylene (TCE) is the primary
contaminant of concern for the areas to be remediated. The three
treatment areas of the site vary in contaminant distribution, but all
areas are impacted from surface to 18.3 m (60 ft) BGS or deeper. High
TCE concentrations are spread over a wide area of the Southeast
corner of C-400 and extend to the McNairy Formation at 30.5 m

(100 ft). The Southwest corner covers a smaller area and the NAPL
distribution is confined above 24.4 m (80 ft) in the RGA. The East
contaminant zone from Solid Waste Management Unit 11 (SWMU-11)
includes NAPL migration over a significant area of the UCRS clay
layer at 12.2 to 18.3 m (40 to 60 ft) BGS and extends from surface to
the 18.3 m depth directly under the SWMU-11 location. The electrical
resistivity varies from 38 Q*m for the clay to 108 Q*m for the UCRS
gravel. The various soil layers for the three treatment volumes are
represented in Figure 2-1 through Figure 2-3. Figure 2-4 shows a
north-south cross section to a depth of approximately 230 ft bgs.

ET-DSP™ is the enhanced electro-thermal soil remediation process
selected for this project. This technology makes use of custom
constructed electrodes installed in the subsurface with a standard drill
rig. Applying a voltage between electrodes induces electrical current in
the soil, which generates heat in-situ to mobilize contaminants for
recovery by an extraction system. ET-DSP™ makes use of standard
three-phase electrical power from the utility. Each electrode is
assigned as an A-, B-, C-phase such that optimal electrical and heating
performance is achieved.

The remediation goal for the Paducah C-400 Project as well as the
criteria for ceasing operations is presented in Section 3 of the Remedial
Design Report.
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Figure 2-5 through Figure 2-8 show the plan view layouts of extraction
wells (blue) and electrodes (red) for thermal treatment at the PGDP C-
400 Complex. The contour lines in the figures define the treatment
zones at the four 6.1 m (20 ft) depth intervals defined for treatment.
The detailed plan view drawings are provided in Appendix C. The
application of ET-DSP™ for the site is designed to ensure sufficient
heating to volatilize TCE in the soil. Detailed information with respect
to the geology and hydro-geology of the site and history of operations
are documented by PRS. The radius of capture for the extraction wells
was calculated at 7.9 m (25.9 ft) is shown for one of the extraction
wells.

The precise well field layout is provided in the site drawings, which
also include the subsurface and above ground obstructions that have
been considered in the design. Modifications to the well field layout
during later stages of the project should be made according to Mc2
guidelines to maintain safe and effective operation of the overall
system.

Electrode Well @
Extraction Well @

Treatment Plume
40-60 ft Depth

Treatment Plume
60-80 ft Depth

Treatment Plume
80-100 ft Depth

Radius of Capture: 25.9 ft

0 10 20 30
Scale (ft)
Figure 2-5: Layout of electrodes and extraction wells in the RGA for the Southeast
Treatment Area.
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Figure 2-6: Layout of electrodes and extraction wells in the UCRS for the Southeast
Treatment Area.
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Figure 2-7: Layout of electrodes and extraction wells for the Southwest Treatment
Area.
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Figure 2-8: Layout of electrodes and extraction wells for the East Treatment Area.

The electrode wells are configured as shown for the following reasons:

1. The electrode arrays are configured for heating of the full
treatment volume. The outermost electrodes have large enough
radius of influence to effectively treat the remediation boundary.

2. The spacing between electrodes is determined by simulation
results for given soil properties, and

3. Although the soil varies greatly among layers, the properties are
well defined in the three treatment areas and full power and
moisture control at each electrode will compensate for these
variations.

The extraction wells are located as shown for the following reasons:
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1. The extraction wells are distributed within the electrode array
for targeted extraction rates as needed, and

2. The well spacing is designed for rapid removal of contaminants
from the soil and therefore prevents redistribution of the
chemicals outside of the heated volume.

Figure 2-9 and Figure 2-10 show the vertical placement of electrodes
and extraction wells in the RGA and UCRS for the Southeast
treatment area. Electrodes are placed at given depths according to the
heating requirements of the NAPL distribution at each well location.
Similarly, the extraction wells are constructed to recover contaminants
according to the contaminant depth at each extraction location.
Extraction wells extending into the RGA will require liquid extraction
capability. Most electrode wells internal to the treatment plumes at
the UCRS, vapor extractors are placed in the well above the uppermost
electrode.
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Figure 2-9: Southeast Treatment Area - Downhole Placement of Electrodes and

Extraction Wells in the RGA and Saturated Portions of the UCRS.
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Figure 2-10: Southeast Treatment Area - Downhole Placement of Electrodes and
Extraction Wells in Unsaturated Portion of the UCRS.
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The electrodes and extraction wells are placed vertically as shown for
the following reasons:

1. For all areas, the principal contaminant migration path has
been downward with the chemicals largely contained above a
certain depth. For the Southeast Corner the contaminants are
concentrated above the McNairy Formation, for the Southwest
corner contaminants reach the RGA in the center region of the
treatment zone, and for the SWMU-11 East Treatment Area
contaminants are contained within the UCRS.

2. Placement of the stacked 3.0 m (10 ft) electrodes in five layers
results in heating from 6.1 to 30.5 m (20 to 100 ft) where
required. Treatment of the RGA and upper McNairy formations
requires electrical heating from the water table to the bottom of
the NAPL distribution to prevent condensation and re-

distribution of contaminants in the groundwater prior to capture
by the MPE syste