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Figure A6 – MIP Boreholes and ECD response overlaying interpolation of PID responses in the 

Southwest Source Zone area (looking North). 
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Appendix C 
Graphs of Trends and Concentrations in Monitoring Wells in the Vicinity of the 

PGDP C-400 Building 
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Appendix D 
Modeling and Engineering Evaluation 

 
D1.0 DESIGN BASIS 
 
The design basis for the implementation of ERH was derived from the calculated 
response of the subsurface to the application of electrical power and the extraction of 
fluids.  To calculate this response, the contractor utilized a numerical simulation of the 
implementation of ET-DSP at the C-400 site.  The simulations were performed with 
TETRAD, a commercially available multi-phase, numerical simulator originally 
developed for oil recovery.  The simulations are described in Appendix B of the 90% 
Remedial Design Report (90% RD).  This section provides an independent, general 
assessment of the major components of the design basis by comparing results of the 
simulations with order-of-magnitude calculations. 
 

D1.1 Power Requirements 
 
The power applied and energy transferred to the soil for heating can be represented by: 
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The RGA has an estimated resistivity of 103 ohm-m (per depth) and each electrode is 10 
feet (3.05 m) long.  The applied voltage across the electrodes is 480 V.  The power 
applied to the soil over a 10-foot interval is then roughly: 
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In the UCRS, the resistivity is estimated to be lower (consistent with its finer texture) 
with a typical value of 38 ohm-m (per depth).  This lesser resistivity yields a maximum 
power input for a single electrode in the UCRS of about 18,500 W when applying a 
voltage of 480 V.  Presumably, the power distribution system will automatically lower 
the applied voltage in the UCRS to about 290 V to yield a power input of about 6,800 W.  
This voltage reduction in the UCRS will allow a more uniform heating of the site.   
 
For a total of 336 electrodes each with a power input of about 6,800 W, the total power 
requirement is about 2,300 kW.  This total power requirement is commensurate with the 
average value of 2,165 kW and the peak value of 2,812 kW determined from the 
numerical simulation presented in Appendix B (Table 1.3) of the 90% RD. 
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This order-of-magnitude power estimate assumes the resistivities of the soil layers do not 
change during heating.  However, the resistivities are a strong function of moisture 
content and a weak function of temperature.  Both of these parameters will change during 
the heating.  Drying of the soil next to an electrode will result in a loss of electrical 
contact and the termination of power input until the moisture content increases.  For this 
reason and others, the design includes the injection of water at each electrode to maintain 
good electrical contact between the electrode and soil.  However, if actual soil 
resistivities are higher than the values assumed for the site, the power input will be 
proportionally reduced because of the voltage limitation and result in a longer duration of 
heating to meet temperature targets.  The basis for the assumed resistivity values in the 
90% RD were not clear.  As described by another reviewer, the resistivity values 
measured with direct push technology appeared to be lower than those assumed.  It is 
recommended that the direct push values be reconciled with the values used in the 
numerical simulation. 
 

D1.2 Energy Requirement and Duration of Heating 
 
The total energy required to meet heating targets and the required duration of heating are 
strongly dependent on soil thermal properties and the power input.  The electrical energy 
transferred to the soil for heating can be represented by: 
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Assuming the power can be maintained at a steady value by adjusting the voltage as the 
resistivity changes, the energy input is simply: 
 
 E = (6,800 W/electrode) (336 electrodes) (time)  (3) 
 
The duration of heating can be estimated if the energy requirement to heat the target soil 
volume is known.  This energy requirement can be estimated by assuming the soil is 
heated from ambient to steam temperature and that some fraction (e.g., 10%) of the initial 
pore water is vaporized.  Also, all injected water at the electrode must be brought to 
steam temperature although not vaporized.  For this initial heating estimate, any energy 
removed with extracted groundwater is neglected.  Mathematically, this energy input 
requirement is: 
 
 E = (Volume) { [(1 – porosity) (heat capacity of solids) (density of solids) 

+ (porosity) (saturation) (heat capacity of water) (density of water) ] (Temp 
Change) 

+ (porosity) ( saturation * 0.05) (heat of vaporization) } 
+ (water injection rate) (time) (water heat capacity) (water density) (Temp 

Change) 
 
The soil volume in the vadose zone is 16,399 m3 and in the saturated zone 11,220 m3, as 
specified in Table 1.1 of Appendix B of the 90% RD.  Assuming a porosity of 0.35 for 
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both zones, the total energy that must be transferred to the vadose zone is about 1,300 
MWh and to the saturated zone 1,100 MWh.  Assuming the water injected to the 
electrodes totals 56,607 m3 (Table 1.3), the energy required to heat this water to steam 
temperature is about 5,200 MWh.  Hence the total energy to heat the target soil volume is 
about 7,600 MWh.  The total energy input for the numerical simulation was 9,352 MWh; 
however, this total includes operations beyond the initial heating of the site for a total 
duration of 180 days.  These values are reasonably close; however, the influx of cool 
groundwater from outside the target volume to replace volatilized pore water is not 
included.  In addition, the extraction of energy in the form of steam or hot water has not 
been accounted for in a total energy balance.  Substituting the estimated total energy 
input into equation (3) yields the following duration for heating: 
 
 Time = (7,600 MWh) / (0.0068 MW) / 336 (4) 
 Time = 3,326 hours = 139 days 
 
The design assumes an operational period of 80 to 90 days to attain the desired heating 
and a total operational period of 180 days.  Hence, the heating may require longer than 
modeled to create a significant steam zone in the target soil volume but it still falls within 
the planned operational period.  However, the most vulnerable assumptions in these 
calculations are neglecting a significant influx of cool groundwater into the RGA from 
outside the target volume and the extraction of energy.  If a steam zone is created, 
buoyancy will bring cool water into the target volume as discussed in the next section and 
the energy to heat this water is not included in the energy balance as discussed in a later 
section on the numerical simulation.  A significant risk exists that the deep RGA will not 
be heated to target temperatures.  Conversely, the fine-grained soils of the upper McNairy 
could reach boiling conditions under the RGA; however, the low permeability may also 
prevent infiltration of water into the soil resulting in a large increase in the resistivity and 
limited introduction of additional energy.   
 

D1.3 Radius of Steam/Bubble Formation around Electrodes 
 
The radius of influence for the formation of steam and contaminant bubbles around each 
electrode is critical to determining the number and spacing of electrodes to achieve the 
heating and remedial goals.  The primary mechanism for contaminant mass removal is 
volatilization and extraction.  The numerical simulator TETRAD was used by the DOE 
contractor to determine the design basis for the implementation of ERH at PGDP.  
However, as described in a later section, concerns exist that the outer boundary condition 
used in the simulation may not provide a realistic depiction of this boundary.  This 
section provides a simple model to assess the radius of bubble formation around each 
electrode based on buoyant forces driving volatilized water and contaminant upward. 
 
After heating to create bubbling conditions, the upward velocity of vapors in the soil 
around the electrode is governed by Darcy’s law modified for two-phase flow.  The 
modification results from the use of an “effective” permeability that is the intrinsic 
permeability, k, of the soil multiplied by a relative permeability, kr.  The relative 
permeability is solely a function of the water saturation in the path of the vapor and will 
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vary with height because of gravity.  The upward vapor velocity around the electrode is 
governed by: 
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where µv is the viscosity of the vapor at steam temperature, Pv is the vapor pressure, z is 
the vertical coordinate, ρv is the density of the vapor, and g is the gravitational constant.  
The horizontal velocity resulting from the injection of water at the electrode is negligible.  
For a given cross-sectional area, A, the mass rate is: 
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At some height along the electrode, the driving force for the vapor flow is solely 
buoyancy.  Mathematically, this condition is represented as: 
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where ρl is the density of the liquid water and Pl is the liquid pressure.  Substituting this 
expression into the mass rate yields: 
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For steady state conditions with a specified mass vaporization rate, m, this expression can 
be rearranged to yield the cross-sectional area of the flow: 
 

 ( )gkk
m

A
vlrv

v

ρ−ρρ
µ

=  

 
Assuming the cross-sectional area is circular and designating the radius as R, the 
theoretical maximum radius of the steam zone in a uniform porous medium is: 
 

 ( )gkk
m

R
vlrv

v

ρ−ρπρ
µ

=  

 
All quantities in this expression can be estimated except for the mass rate which must be 
related to the energy input.  If we assume power into the electrode is perfectly translated 
into a steam generation rate during pseudo-steady operation, the energy E then yields: 
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fgh

Em =  

 
Substitution into the expression for the radius yields: 
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Values to estimate the radius of the zone of bubble formation around the electrodes in the 
saturated portions of the UCRS and the RGA utilizing equation (5) are provided in Table 
1.  The radii are plotted in Figure 1 as functions of the input power to the electrode.  The 
electrode power is approximately 6,800 kW and, as indicated, the UCRS is expected to 
have a bubbling radius close to 10 feet.  However, the high permeability of the RGA 
yields a radius less than 2 feet.  These calculations are conservative because the model 
does not account for the somewhat uniform heating of the electrical power and lateral 
heat conduction.  This simplistic model is most applicable at the bottom of the RGA since 
the top of the RGA is bounded by the lesser permeability of the UCRS.  Hence, the 
results are cause for concern that heating the bottom of the RGA to steam temperatures 
may not be feasible.  The influx of cool water replacing volatilized water will be very 
rapid and the energy requirements for heating very large.  Extending electrodes into the 
top of the McNairy formation provides a good opportunity to extend the zone of bubble 
formation but replenishing the water in the McNairy pore space to prevent drying out 
may limit this effect. 
 
 

Table 1 
Parameter Values 

Parameter Value 

kr (-) 0.17 

µv (kg/m/s) 0.0000126 

g (m/s2) 9.81 

ρv (kg/m3) 0.6 

ρl (kg/m3) 958 

hfg (J/kg) 2257000 

UCRS Permeability (darcies) 1.5 

RGA Permeability (darcies) 150 
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Figure D1.  Estimated Electrode Radius of Influence in the Saturated Zone 

 
This discussion on steam bubble formation does not imply that significant contaminant 
mass removal will not occur – even at the bottom of the RGA.  The ERH pilot test 
achieved good results without such heating.  Rather, the ITR team encourages a clear 
understanding of this issue and incorporate any results to avoid setting a heating metric 
that may not be achievable even when the primary objective of mass removal is realized.  
Further, the simplified calculation is not offered as a definitive method for electrode 
spacing.  The ITR team supports the PGDP team approach of using a numerical model 
for the actual design.  The simplified “radius of steam bubble formation” calculation 
emphasizes the importance of reducing uncertainties and assuring the conceptual basis of 
that numerical modeling. 
 
 

D1.4 Heating by Steam Injection 
 
The 90% RD includes the use of a single steam injection to re-treat the area of the site 
previously host to the ERH pilot test.  It is assumed the area has been re-contaminated by 
the influx of surrounding groundwater.  This re-contamination has not been verified and 
the need to re-treat this soil volume has not been justified with field data.   
 
The shape of the steam front resulting from injection of steam into the RGA at the design 
rate of about 2,000 pounds per hour was estimated utilizing the model of van Lookeren 
(1983).  The result of the calculation is illustrated in Figure 2.  The steam zone exists 
around the injection well only above the red line and liquids exist below.  This plot 
suggests that the bottom of the RGA will not be significantly heated by steam injection.  
Any DNAPL in this region will not be displaced and recovered.  Further, attempts to 
mitigate this effect by screening deep in the RGA would not be successful as buoyancy 
and the path of least resistance would bring the steam zone to the top of the RGA before 
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lateral growth could be achieved deep in the RGA.  The recommendation is to eliminate 
the steam injection activity and verify the area requires treatment before proceeding with 
any remedial action in this previously treated volume. 
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Figure D2.  Estimated Shape of the Steam Injection Front in the RGA 

 
 

D1.5 Water Balance 
 
The numerical simulation report cites the total volume of saturated soil heated as 11,220 
m3 with an approximate porosity of 0.33.  Hence, the initial volume of water in this soil is 
about 3,740 m3 or about 988,000 gallons.  For the numerical simulation, the remediation 
system was constrained to extract 5% more water than is injected and the forced flux 
(injection wells on the upgradient boundary and extraction wells on the downgradient 
boundary) were balanced.  These constraints are evident in the modeling report where the 
total volume of water injected was 56,607 m3 and the total volume extracted was 59,439 
m3.  Hence, the simulation appeared to yield a net removal of 2,832 m3 or about 750,000 
gallons.  The ITR team was subsequently provided information that sufficient water to 
close the mass balance can be accounted for by also including the water entering from the 
constant head boundaries.  The ITR team recommends that the project team complete 
their analysis of the water balance and a document a clear assessment of the ramifications 
of the hybrid boundary conditions (i.e., where is water actually entering or exiting the 
system?, did the parameter combination used partially isolate the treatment zone by 
allowing loss of injected water the upgradient specified flux boundary and input of water 
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from the downgradient specified flux boundary?).  The ITR team recommends running 
the simulation using a specified pressure at an open boundary.  This would develop a 
higher degree of confidence in the assumed hydraulic conductivity and heads and would 
allow examination of the significance of layering and other heterogeneities (i.e., it would 
not require fluxes to be uniform throughout the RGA. 
 

D1.6 Numerical Simulations 
 
A number of issues assumptions were identified in the use TETRAD to simulate the 
application of ERH at the site.  These include, but are not limited to: 
 

• Soil permeability values used in the original 2D simulation were one order-of-
magnitude higher than values provided by the site geologist (note that this has 
already been addressed by the contractor team during the writing of the ITR 
report), 

• Lateral saturated zone boundaries were assumed to have a specified flux rather 
than a specified head, effectively isolating the heated soil volume from the 
surrounding aquifer (note that subsequent information indicates that both flux and 
head are specified), 

• Contaminant recovery rates and total masses calculated in the simulation were not 
based on any site-specific data or conceptual site model, and 

• A specified flow of air across the lateral boundaries of the vadose zone is forced 
to match the extraction rate of air (i.e., no leakage from the overlying surface) and 
the applied vacuum to achieve this flow will increase significantly if the 
appropriate permeability is utilized in the simulations. 

 
D1.7 Soil Vapor Extraction in the Shallow Vadose Zone 

 
The design of the soil vapor extraction system above the targeted soil volume for heating 
has little basis.  No conventional air permeability testing or SVE pilot testing has been 
performed although the shallow vadose zone is suspected of harboring a large mass of 
contamination.  The startup and shutdown of the SVE system is currently designed to 
coincide with the startup and shutdown of the ERH system with no regard for potential 
mass recovery rates that may exist at the end of the heating period.  It is recommended 
that the SVE system in the vadose zone be operated independently from the ERH system 
in the deeper soils.  A separate set of performance criteria should be developed for the 
operation of the SVE system. 
 
A pseudo-steady solution for confined, one-dimensional, radial air flow is available 
(Johnson et al., 1990) as an order-of-magnitude check for the design basis: 
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where: 
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 P = pressure 
 r = radius [m] 
 Q = volumetric flow rate 
 ρair = density of air [1.20 kg/m3] 
 R = gas constant for air [0.287 J/g/K] 
 µair = viscosity of air [0.000018 kg/m/s] 
 T = temperature [293 K] 
 b = interval thickness [m] 
 k = permeability [darcies] 
 
Rearranging yields the extraction rate for a specified extraction well vacuum and 
effectively infinite radius: 
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For a permeability of 0.3 darcies and a generous radius of vacuum influence of 10 m, 
equation (6) suggests the maximum flow from a shallow extraction well is about 4 scfm 
for an applied vacuum at the wellhead of 0.5 atmospheres.  The design rate cited in Table 
1.2 of Appendix B is 8 scfm per well.  Hence, the extraction rate from the shallow zone 
may be half the design rate.  A combined SVE pilot test (e.g., 48 hours) and air 
permeability test are strongly recommended to allow proper design of a vapor extraction 
and treatment system.  A properly designed SVE system may be capable of achieving a 
source reduction in the vadose zone on par with the source reduction in the saturated zone 
from ERH. 
 
 
D2.0 ABOVEGROUND TREATMENT SYSTEM DESIGN 
 
The design basis described in the previous section provides the anticipated capacities 
required of the aboveground treatment system for vapors and liquids extracted from the 
subsurface.  This section provides an assessment of the process design.   
 

D2.1 Power Supply and Distribution 
 
The electrical power supply and distribution system appears to be state-of-the-art and 
capable of automatically directing power to soil horizons with inadequate heating.  
However, the power delivered to the subsurface will be limited by the supply voltage and 
soil resistivities.  No recommendations required. 
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D2.2 Water Supply and Distribution 

 
The water supply and distribution system appears to be adequate.  No recommendations 
are required. 
 

D2.3 Steam Condensation 
 
Steam extracted from the subsurface in the vapor extraction wells will be directed 
through an indirect, water-cooled heat exchanger (E-101) to condense the steam.  Most 
indirect heat exchangers suffer from a relatively large pressure drop and the vacuum 
attained at the extraction wellheads may suffer.  Indirect condensation of steam under a 
high vacuum is also generally inefficient and the non-condensable flow of 1,200 scfm 
will require this unit be quite large and the flow of cooling water will also be large (e.g., 
on the order of 750 gpm) to condense the design rate for steam extraction (3,000 pph).  
Recommend investigating the use of a direct contact steam condenser utilizing treated 
and cooled water extracted from the subsurface to mitigate the pressure drop through the 
heat exchanger and the need for a huge flow of cooling water. 
 

D2.4 Non-Condensable Vapor Treatment 
 
Vapor treatment after steam condensation will be achieved with compression followed by 
cryogenic condensation of TCE.  This process can be very effective but scaleup to a large 
system such as that for C-400 does not provide any benefit as the system will consist of 
10 or more units operating in parallel.  The drawback to this approach is increased 
maintenance requirements but this is offset by the flexibility to operate only as many 
units as required and the ability to service units individually without shutting down the 
system. 
 

D2.5 Water and Condensate Treatment 
 
The process design indicates air stripping will be used to treat the water before discharge.  
The air flow rate to the air stripper is indicated to be 300 scfm in Drawing Number 
P7DC40000A001 of the 90% RD.  This air flow appears to be about half the flow 
necessary to treat a water flow of 87 gpm.  If increased to 600 scfm (to ensure meeting 
water discharge requirements), the total vapor flow rate requiring treatment will increase 
from 1,500 scfm to 1,800 scfm.  A higher flow may require additional 
compression/cryogenic condensation units to meet the increased flow requirement. 
 

D2.6 Process Controls 
 
Process controls were not adequately described in the 90% RD for an evaluation.  At a 
minimum, the control and interlock logic and other requirements should be tabulated and 
discussed in the 90% RD.   
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D3.0 STARTUP & OPERATIONS 
 
As currently planned, ERH in the three target areas and the aboveground treatment 
system will all be turned on simultaneously.  This approach is likely to result in a number 
of false starts as parameters for the long-term operation are developed.  In addition, the 
collection and interpretation of early data will be challenging.  For these reasons, a 
phased system startup, as described below, is recommended. 
 

D3.1 Phased Startup 
 
A logical plan to phase the startup of the treatment system and ERH components is 
highly recommended.  Installation and operation of the three source treatment zones in a 
sequential manner is preferred to climb the learning curve and reduce the required 
capacity of the treatment system; however, this approach is likely not feasible because of 
site access constraints.  Assuming the system is installed in all three treatment areas 
simultaneously and after commissioning the aboveground treatment system, the 
following steps could be followed to reduce the difficulties and confusion at startup of the 
operations: 
 

1. Initiate vapor extraction in the vadose zone at the design flow rates for ERH and 
fine-tune operation of the vapor treatment system 

2. Initiate pump-and-treat of groundwater at the desired extraction rates for the ERH 
operations and fine-tune operation of the water treatment system 

3. Collect data documenting the contaminant mass removal rates via groundwater 
and vapor extraction to provide a baseline for assessing the enhancement provided 
by ERH 

4. Initiate heating in the first area of the site 
5. As the first area stabilizes into a relatively steady heating mode, initiate the 

second area 
6. As the second area stabilizes into a relatively steady heating mode, initiate the 

third area 
 

D3.2 Contingency Plans 
 
A primary concern for operation of the system is the ability to heat target soil volumes to 
target temperatures.  If the ERH electrodes are installed in all three areas simultaneously, 
no opportunity will exist to optimize placement of the electrodes based on field 
observations in a first area.  The pilot test was inconclusive regarding the ability of ERH 
to heat the RGA down to its interface with the McNairy Formation.  A contingency 
should be in place to add electrodes if insufficient heating is achieved near the interface. 
 
The soil resisitivities will change during the heating.  A plan of action should be 
developed if the progress of soil heating falls far behind schedule.  If actual soil 
resistivities are higher than the design values, the power input will be proportionally 
reduced because of the voltage limitation and result in a longer duration of heating to 
meet temperature targets.   
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Installation of the electrodes and extraction wells is likely to uncover additional 
accumulations of contamination.  A contingency should exist to address such 
accumulations. 
 
Adverse migration of DNAPL as a result of heating in the UCRS is possible.  The heating 
could yield a mobilization of DNAPL that drops from the UCRS into the RGA and 
onward to the McNairy interface if sufficient mass is mobilized.  A plan of action for 
assessing the occurrence of such migration is recommended as the downward migration 
of DNAPL will increase the difficulty and cost of removing the contamination. 
 
A comprehensive list of risks and potential contingencies should be developed. 
 

D3.3 Phased Shutdown 
 
After heating of the subsurface has met performance objectives, mass removal objectives 
for various areas and horizons of the site should be implemented.  In particular, extraction 
should not cease while the site continues to hold significant energy.  The residual energy 
in the heated soil can contribute to additional mass removal if the groundwater extraction 
and vapor extraction operations continue to a point of diminishing returns for source 
reduction.  Individual termination criteria should be developed for the UCRS and RGA in 
each of the three treatment areas.  Continued operation of the SVE system in the vadose 
zone should be considered even after the site cools if a cost-effective mass removal rate is 
achieved. 
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Appendix E 

Cost Evaluation 
 
The Independent Technical Review (ITR) team was tasked with determining if the costs 
associated with the treatment system, as specified in the 90% Remedial Design Report 
(PRS, 2007a), were reasonable and commensurate with other governmental remediation 
projects of similar scope, size, and duration. This involved reviewing the cost estimate 
that was prepared by Paducah Remediation Services (PRS) for installing and operating 
the Electrical Resistive Heating (ERH) thermal treatment system at the C-400 Cleaning 
Building and comparing those estimated costs to the thermal treatment costs reported at 
other federal facilities. PRS initially provided a cost estimate that was dated 12 April 
2007 and had the title “PAD Groundwater C-400 Action.” The estimate was divided into 
various categories that designated the type of activity (e.g., above ground treatment, 
installation and operation, etc.).    
 
The ITR team used this 12 April 2007 cost estimate to estimate the various costs 
associated with project oversight and management, site specific costs, and costs 
associated with the thermal treatment system. Grouping costs according to these broad 
categories facilitates the comparison to ERH projects completed at other federal sites in 
the United States. Project oversight and management along with site specific costs are 
important for completing the interim removal action at the C-400 Cleaning Building; 
however, they are specific to site conditions and are not necessarily comparable to other 
thermal treatment sites. For example, most sites don’t require radiation technicians or a 
dedicated security detail. Additionally, treating and disposing of waste materials 
generated during the installation and operation of the thermal treatment system is 
expected to cost more than at a typical contaminated site given the presence of 
radioactive isotopes in the subsurface soils at Paducah. 
 
Some of the key findings from the review of the April cost estimate included:   

o In comparing the proposed remedial action at Paducah to previously treated sites 
throughout the country, the ITR team found that Paducah is a large project with 
overall costs greater than any project previously attempted.  

o A dominant cost for thermal treatment at Paducah (43% of the total) was 
associated with the drilling required to install the electrodes and monitoring points.  
The ITR team recommended reducing the drilling costs to levels that are closer to 
industry norms (less than $200/ft).   

o The estimated ERH equipment and support infrastructure (in terms of cost per 
electrode and cost per treated volume) were within the range of previous projects 
(but near the high end of that range).   

o Other ITR team recommendations based on that initial evaluation encouraged cost 
reduction associated with site specific categories: waste handling and project 
support/management.   

 
After reviewing the ITR team findings, PRS reported that the 12 April 2007 estimate 
represented costs associated with a baseline technical approach rather than the specific 
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system described in the 90% Remedial Design Report.  The 90% design differed from the 
baseline approach in the number of electrodes and method of off-gas treatment, among 
other changes. PRS provided a revised cost estimate dated 18 July 2007 that reflected the 
costs for the system as described in the 90% Remedial Design Report (note that the 
updated estimate was deemed business sensitive and was provided to the cost evaluation 
subject matter experts of the ITR team on 02 August 2007 for evaluation ). The revised 
estimate is summarized In Table E1 (with costs lumped into broad categories suggested 
by the ITR team --  project management and oversight, thermal treatment, and site 
specific costs associated with sample analysis and waste management).  The updated total 
estimated cost was approximately 12% higher than the April baseline.  
 

Table E1 – Summary of Estimated Costs 
 Baseline (12 April 2007 

estimate) 
90% remedial design (18 

July 2007 estimate) 
Category percentage of total percentage of total 

Project oversight and management 8% 6% 
Sample management and analysis 3% 6% 
Waste management and disposition 11% 21% 
Thermal treatment (includes drilling, 
construction and operation; excludes electrical 
power) 

78% 67% 

Total Project Cost (approx) $17,500,000 $19,700,000 
 
Comparing the costs for the baseline approach to the costs for the 90% remedial design 
shows that the estimated costs for sample management and analysis along with waste 
management increased while the cost for project oversight and management and thermal 
treatment decreased (Table E1). These differences may be due to assumptions that the 
ITR team employed in sorting the baseline approach costs into the four categories shown 
in Table E1 but are also due to changes in the 90% remedial design. For example, there 
was an increase in the number of electrodes from 272 for the baseline approach to 336 for 
the 90% remedial design, which meant increasing the number of borings from 68 to 109. 
In addition, the off-gas treatment for the baseline approach was by catalytic oxidation 
whereas the 90% remedial design uses cryogenic condensation.  
 
The following two sections update the ITR team evaluation based on the revised cost 
estimate of 18 July 2007. 
 
E.1 Comparison of the Estimated Paducah ERH Thermal Treatment Cost to the Cost 
Reported for Federal Sites 
 
The estimated cost for the ERH thermal treatment system at Paducah includes purchasing 
and installing the above-ground ERH equipment, installing electrodes and other 
subsurface infrastructure, installing and operating the above ground liquid and vapor 
treatment system, and materials to operate the treatment system, but excludes cost for 
electrical power.  Several contracts and vendors are included in this overarching estimate 
(thus the costs presented here can not be attributed to any particular contract or vendor).   
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To determine if the costs for the remedial action at C-400 were reasonable and 
commensurate with other remedial projects requires calculating the cost per volume of 
subsurface treated (for consistency with the bulk of the background literature, the costs 
will be calculated in $ per cubic yard). The estimated ERH treatment costs combined 
with the target subsurface volumes that were documented in the 90% RDR, yield an 
approximate total ERH estimate of $370 per cubic yard (excluding electrical power).  To 
compare the C-400 remediation to historical sites, an estimate of the costs of power need 
to be added to this base estimate.  The electrical costs can be approximated using the 90% 
RDR power estimates for subsurface heating and surface operations and assuming an 
approximate energy cost of $41 per megawatt hour (EIA, 2007).  The resulting power 
costs for the remediation are approximately $20 per cubic yard, resulting in a total ERH 
system cost of approximately $390 per cubic yard.   
 
To our knowledge, there is no independently verified cost information available for 
thermal treatment projects completed to date. One available document provides relatively 
complete cost information for project management and oversight and site specific costs in 
addition to the thermal treatment costs (Gavaskar et al, 2007). Most other sources, 
including EPA’s “In Situ Thermal Treatment Site Profile Database,” contain cost 
information provided by the thermal treatment vendors (often excluding project 
management, oversight, waste disposal, and monitoring costs). For example, the MCB 
Camp Lejeune Site is reported to have cost $65/cubic yard according the In Situ Thermal 
Treatment Site Profile Database entry, however, Gavaskar et al. 2007 report $113 per 
cubic yard based on an independent analysis of the cost data provided by the U.S. Navy. 
Another inconsistency was noted for the Pinellas STAR site where the thermal treatment 
vendor provided the USACE with a cost of $1.3 million to treat 12,963 cubic yards for a 
cost of $100 per cubic yard. However, Butherus et al., 2004 who represented the DOE for 
the Pinellas project, stated the thermal treatment subcontract cost of the project was 
approximately $3.8 million equating to a unit volume cost of $290 per cubic yard.  The 
ITR team evaluation (Table E2) is based on the information summarized by Gavaskar et 
al (2007) since this information appears to be the most equivalent to the relatively 
complete cost estimation that has been performed to support the thermal remediation at 
the C-400 Building. 
 
The normalized cost for ERH thermal treatment at the six sites listed in Table E2 ranged 
from a low of $100 per cubic yard at Pinellas to a maximum of $544 per cubic yard at 
Alameda Point with the estimated cost at Paducah of approximately $390 per cubic yard 
falling within this range. The ERH system described in the 90% Remedial Design Report 
(PRS, 2007a) is one of the larger thermal treatment projects presented in Table E2. While 
the cost per cubic yard might be expected to decrease with increase in subsurface volume 
treated due to increasing economies of scale, that trend is not apparent from the data 
presented in Table E2. The cost at NWIRP Bedford, MA and Naval Complex Charleston, 
SC, which had similar subsurface volumes of approximately 5,000 cubic yards, were 
relatively low ($150 to $200 per cubic yard), while the cost at Alameda Point with a 
similar treatment volume was the highest cost site at approximately $544 per cubic yard.  
Based on the updated cost estimates, Paducah cost were exceeded by Alameda Point on a 
normalized per volume basis.  As discussed above, PGDP specific issues (such as 
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radiation control and the associated health protection) are somewhat unique and these 
factors would tend to result in relatively high project management, oversight, and site 
specific costs when compared to the other tabulated sites.  
 

Table E2: Selected Electrical Resistive Heating (ERH) Site Treatment Costs 

Site 
Max. 
Depth 

(feet bgs) 

Volume 
(cu. yard) 

Management 
& Oversight 

Site 
Specific 
(waste, 

monitoring
, etc.) 

Thermal 
Treatment 

Cost per 
cu. yard 

NWIRP Bedford, MA  
(p. 15)1 60 4,148 $348,000 $66,675 $658,100 $158 

Naval Complex 
Charleston, SC (p. 60)1 10.5 5,000 $215,000 $50,000 $1,009,000 $202 

Alameda Point, CA  
(p. 77)1 19 4,943 NR $750,000 $2,690,723 $544 

MCB Camp Lejeune, NC 
(p. 98)1 22 12,926 NR $355,685 $1,722,641 $113 

Fort Lewis, WA  
(Table 7-2)2 NR 80,000 NR NR NR >$200 

Pinellas STAR, FL  
(p. B-18)2 35 12,963 NR NR $1,300,000 $100 

Paducah, KY 
(approximate estimates) 100 35,600 $1,200,000 $5,400,000 $13,800,000* $390 

1Gavaskar et al., 2007, 2USACE, 2006, NR: not reported, *approximate including electrical power costs 
 
Another normalized metric used for comparing ERH thermal treatment costs between 
sites is the cost per electrode. There are 336 electrodes to be installed at Paducah with an 
overall price per electrode of approximately $40,000. By comparison, there were 101 
electrodes used at Charleston for a per electrode cost of $9,990, 91 electrodes used at 
MCB Camp Lejeune for a per electrode cost of $18,930, and Alameda Point used 52 
electrodes for $51,745 per electrode. As with the cost per cubic yard, the per-electrode 
cost at Paducah is bounded by past costs and near the upper end of the reported range. 
 
E.2 Waste Handling and Disposal 
 
The costs for waste management and disposition are a significant fraction of the overall 
estimated project costs (21%, Table E1). The waste management plan, contained in the 
Remedial Action Work Plan (PRS, 2007b), describes the volume of waste that will be 
generated during the installation and operation of the ERH thermal treatment system. 
While most of the waste will be treated and stored on-site, it is the waste that has to be 
transported off-site which represents a large percentage (approximately 44%) of the 
waste treatment cost. The solids that are generated during the completion of soil borings 
represent the majority of waste designated for off-site treatment. The volume of soil 
cuttings and sediment from decontamination will be contained in 1,400 55-gallon drums. 
It was estimated that 68% of this waste will require off-site treatment and disposal as 
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mixed waste containing TCE DNAPL and radioactive isotopes. Given that soil samples 
will be collected from each 55-gallon drum and analyzed to determine if off-site 
treatment is required, the cost associated with waste disposal may change significantly 
depending on the number drums that meet the requirement for treatment prior to disposal. 
With a treatment and disposal cost on the order of $1,000 per 55-gallon drum, the 
importance of properly labeling, tracking, and categorizing each of the 1,400 drums 
should be emphasized. 
 
The off-gas treatment for the baseline approach was catalytic oxidation whereas the 90% 
remedial design uses cryogenic condensation and the costs have been updated to reflect 
the technology selection.  A significant waste disposal cost (11.5% of the total waste 
treatment costs) is associated with the 75,000 gallons of TCE DNAPL expected to be 
recovered from the subsurface as the result of thermal treatment operations. Currently 
this waste is designated for off-site treatment and disposal. The ITR team recommends 
that the site consider solvent recycling as an option rather than disposing of the TCE 
DNAPL as hazardous waste.  
 
Updated ITR Team Assessment 
 
The ITR team commends the PGDP team for the significant efforts made to refine and 
improve the cost estimates for the C-400 Building remediation.  The revised costs (18 
July 2007) adequately address many of the previous recommendations (e.g., drilling costs 
are now well below $200 per linear foot).  Thus, those initial ITR team recommendations 
are no longer relevant.  The updated cost related summary recommendations are as 
follows: 
 
Overarching Recommendation: The ITR team determined that the estimated cost for 
ERH thermal treatment at the C-400 Building is within the range of thermal treatment 
costs at other federal sites on a per treatment volume and per electrode basis.  
Nonetheless, the cost is near the upper end of the historical range and further cost 
refinement and cost reduction opportunities should be pursued as the project plans are 
finalized. 
 
Recommendation a: The costs for waste management and disposition are a significant 
fraction of the overall estimated project costs.  With a treatment and disposal cost on the 
order of $1,000 per 55-gallon drum of solid waste, the importance of properly labeling, 
tracking, and categorizing each of the anticipated 1,400 drums should be a priority.  
 
Recommendation b: Currently, the 75,000 gallons of TCE DNAPL expected to be 
recovered from the subsurface as the result of thermal treatment operations is designated 
for off-site treatment and disposal. The ITR team recommends considering solvent 
recycling as an option rather than disposing of the TCE DNAPL as hazardous waste. 

 




