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EXECUTIVE SUMMARY

Gaseous electron donor injection technology (GEDIT) involves injection of gaseous electron
donors into the soil with the purpose of promoting anaerobic biodegradation of perchlorate to
water and chloride ion. This report describes the application of TMVOC, a vadose zone
simulation code developed at Lawrence Berkeley National Laboratory (LBNL), to perform an
alternatives and optimization analysis of GEDIT for a demonstration site in California. TMVVOC
was calibrated to data from a demonstration conducted at the Inactive Rancho Cordova Test Site
(IRCTYS) in California. A series of optimization runs were conducted to evaluate the effect of
horizontal and vertical injection well spacing, gas composition, and gas flow rate on hydrogen,
propane, and oxygen transport through the vadose zone. A unifying relationship between a
normalized hydrogen concentration and the pneumatic residence time was observed. This
empirical relationship was used to explore the effects of design variables on GEDIT cost. For
this site, injection hydrogen concentrations of about 10% were found to be more cost-effective
than lower concentrations and a horizontal well spacing of 24 meters (80 feet) was theoretically
sufficient to meet minimum concentration requirements for hydrogen to ensure perchlorate
degradation. Unit GEDIT costs were determined to be less than $20/m® ($15/yd® under certain
conditions. The first-order rate constant for hydrogen consumption strongly affected the fate and
transport of hydrogen and thus the economics. The rate constant is anticipated to be site-specific
and thus costs for a given site may not be translatable to other sites. The approach outlined in this
report provides a practical approach for determining engineering design parameters and
economics at any site.

1.0 INTRODUCTION

Gaseous electron donor injection technology (GEDIT) involves injection of gaseous electron
donors into the soil with the purpose of promoting anaerobic biodegradation of perchlorate to
water and chloride ion (U.S. Patent 7,282,149 B2 and patent pending). This technology can be
viewed as bioventing in reverse. Bioventing, a proven bioremediation technology for petroleum
hydrocarbons, involves the injection of a gaseous electron acceptor (e.g., oxygen) into the vadose
zone resulting in the biodegradation of an electron donor (e.g., hydrocarbons). With GEDIT, the
electron acceptor and donor are reversed with the gaseous electron donor being injected in order
to biodegrade the electron acceptor (i.e., perchlorate or nitrate).

A demonstration of GEDIT for in situ perchlorate bioremediation in the vadose zone was
conducted at the Propellant Burn Area (PBA) within the Inactive Rancho Cordova Test site
(IRCTS) which is located approximately 15 miles east of Sacramento, CA. During the 1940s, the
PBA was dredged to a depth of approximately 21 meters (70 feet) to remove gold from the
subsurface gravel deposits. As a result, the PBA and immediate vicinity are underlain by dredge
tailings, which are composed of an unconsolidated mixture of silt, sand and gravel with cobbles
and small boulders. Well logs indicate that the dredged material extends to depths of at least 21
meters (70 feet) and overlies inter-bedded layers of gravels, sands and silts of the Pliocene-age
Laguna Formation. The dredged area is oriented in a southwest to northeast direction. The
estimated horizontal permeability of the materials at the PBA based on field data is 2.8 x 10-11
+ 1.4 x 10-11 m? (3.0 x 10-10 ft*, Evans et al. 2011).



For the GEDIT demonstration, a single injection well (i.e., P4) that was screened at two depths
and multiple vapor probes were installed. The layout of injection wells and vapor probes is
presented in Figure 1. A brief overview of the program is described below. A detailed
presentation of site conditions and field program details and results are presented in the ESTCP
final report (Evans et al. 2009).

Figure 1. Injection Well and Piezometer Locations (Evans et al. 2011)
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The GEDIT demonstration program was conducted in four phases:

Phase | was comprised treatability studies conducted in the laboratory and at the site.

Phase Il involved field tracer tests using a hydrogen/nitrogen mixture and optimization
tests using various gas mixtures. The tracer tests were conducted to determine the radius
of influence for hydrogen when injected under different conditions.

Phase Il involved continuous injection of a gas mixture comprised of 79 percent
nitrogen, 10 percent hydrogen, 10 percent liquefied petroleum gas (LPG) also known as
commercial propane, and 1 percent carbon dioxide over a period of about five months.
This steady state operation was conducted to generate a vadose zone atmosphere that was
supportive of perchlorate biodegradation. Gas and soil samples were collected to verify
system operation and quantify perchlorate and nitrate degradation.

Phase IV involved continuous injection of pure LPG to evaluate its potential use as an
electron donor. LPG was injected continuously for about three months and gas samples
were collected and analyzed periodically. Soil samples were collected and analyzed at the
end of this Phase to quantify perchlorate and nitrate biodegradation.



The demonstration of GEDIT was successful and proved that greater than 90 percent perchlorate
destruction could be accomplished. The unit cost of the technology, as reported in the ESTCP
Final Report ranged from $28 to $114 per cubic meter ($21 to $87 per cubic yard) depending on
the specific scenario that was evaluated (Evans et al. 2009). The primary cost drivers were
injection well spacing and gas flow rate. The objective of the modeling described in this report
was to optimize the gas injection strategy to reduce costs while creating conditions amenable for
perchlorate destruction.

20 METHODS
2.1 TMVOC

TMVOC is a vadose zone simulation code developed at Lawrence Berkley National Laboratory
(LBNL) (Pruess and Battistelli 2002). The model is a numerical simulator for three-phase non-
isothermal flow of water, soil gas, and a multi-component mixture of volatile organic chemicals
(VOCs) in multidimensional heterogeneous porous media and is designed for applications to
contamination problems that involve hydrocarbon fuel or organic solvent spills in saturated and
unsaturated zones. It is also applicable to flow problems that involve multi-component mixtures
of non-condensable gases (NCGs), as is needed for GEDIT. For this study, the TMVOC code
was modified by LBNL to include hydrogen as a NCG. In addition to transport, the model
provides for first-order reactions of single components.

2.2 Modeling Approach

TMVOC modeling was conducted in two phases. The first modeling phase, vadose zone
property calibration, consisted of model simulations of portions of the GEDIT demonstration
pilot test. The objective of this phase was to identify vadose zone properties that were
representative of field conditions and data measured at pilot test monitoring locations. The
second modeling phase, alternatives analysis and optimization, consisted of model simulations of
25 different gas injection alternatives using calibrated properties from the first modeling phase.
In these alternatives, horizontal and vertical injection well spacing, injected gas composition and
injection flow rates were varied. A two-dimensional radial model was used for the calibration
simulations. The multi-well gas injection alternatives were simulated using a three-dimensional
rectangular grid model.

2.3 Model Calibration

The first modeling phase, vadose zone property calibration, consisted of model simulations of
portions of the mixed gas injection conducted in Phase Il1 of the GEDIT demonstration program.
The objective of this phase was to identify vadose zone properties that were representative of
field conditions and data measured at pilot test monitoring locations. Model simulations involved
adjusting vadose zone properties and gas decay rates until a reasonable match was achieved
between simulated and observed soil gas concentrations at different distances from the injection
location.

The radial model grid contains 62 plan view elements (or rings) with spacing of approximately
0.04 meters (0.1 foot) at the model origin increasing logarithmically to 160 meters (525 feet) at
the model edge. The outer edge of the radial model is 1,000 meters (3,300 feet) from the origin, a
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distance large enough where an impact from injection at the origin is not expected. In the vertical
dimension, the model contains 29 layers, typically 1 or 2 meters (3 to 7 feet) thick. The model
extends to a depth of 38 meters (125 feet), the approximate depth to groundwater at the pilot test
site.

Uniform soil properties were assigned to all the elements in the model, and since a radial grid
was used these uniform properties were assumed to extend in all directions. Atmospheric and
phreatic boundary conditions were assigned, respectively, to the top and bottom model layers.
An initial water saturation of 22% was assigned to all elements so that the initial gas saturation
was 78%. The water saturation was determined to be reasonably consistent with a precipitation
infiltration rate of 3.0 cm/year (1.2 inches/year). The initial soil gas composition consisted of
80% nitrogen and 20% oxygen.

Field data collected during portions of Phase 111 of the mixed gas injection test were used for the
first phase of model calibration. Phase Il involved continuous injection of a gas mixture over a
period of about five months. Soil gas samples were collected from the piezometers and the gas
injection manifold and were analyzed for hydrogen, propane, oxygen, carbon dioxide, relative
humidity, and temperature using field instruments. Soil gas concentrations were mapped over
time to estimate the time required to reach steady state and measured concentrations at the end of
the test were mapped versus distance from the injection point.

The model was used to simulate pilot test conditions for April through August 2008. Table 1
summarizes the injected gas composition and injection rates during this period. The mixed gas
mixture was injected into the 5.5- and 8.5-meter below ground surface (bgs) screens of
piezometer P4 (18- and 28-ft bgs). The flow was divided equally into each screen (i.e., 1.4 cubic
meters per hour, or 50 cubic feet per hour or cfh each) and was conducted for about five months.

Table 1. Mixed Gas Composition and Flow Rate For Vadose Zone

Simulations
% % % Flow rate
Start End Nitrogen | Hydrogen | Propane (m®h™)
4/2/08 12:33 4/7/08 14:14 80% 10% 10% 1.7 (60 cfh)
4/7/08 14:14 | 4/7/08 14:58 0% 0% 0% 0
4/7/08 14:58 4/9/08 11:12 80% 10% 10% 1.7 (60 cfh)
4/9/08 11:12 | 4/10/08 11:21 0% 0% 0% 0
4/10/08 11:21 | 8/13/08 12:33 80% 10% 10% 2.8 (100 cfh)

During calibration, vadose zone properties (permeability and porosity) and hydrogen and
propane decay were adjusted until simulated gas concentrations at different distances from the
point of injection were generally consistent with observed data. TMVOC simulates hydrogen
and propane decay in the dissolved aqueous phase (i.e., soil moisture) only. To represent gas
phase decay observed during the GEDIT demonstration, calibration of the model required
relating gas-phase data to liquid-phase reactions employed by TMVOC. An assumption of gas-
liquid equilibrium was used to establish this relationship. To represent decay in the gas phase,
the liquid-phase decay rate assigned in the TMVOC input was equal to the gas phase decay rate
multiplied by a factor of 62. This factor was based on Henry’s constant and other factors



describing portioning of hydrogen and propane between the gas and liquid phases. The
computation of this factor is described in Appendix A.

The final vadose zone and chemical properties based on calibration simulations are listed below:
e Porosity: 20%
e Horizontal Permeability: 4.0x10™* m? (4.3x10™° ft?)
e Vertical Permeability: 8.0x10™" m? (8.6x10™** ft?)

e First-order rate constants for liquid phase: 1.5x107% s* (effective 2.4x10™ s gas first-
order rate constant in soil) and 2.0x10™* s (effective 3.2x10° s gas phase first-order rate
constant soil) for hydrogen and propane, respectively.

Detailed model input, including the model mesh and initial condition assignment, is provided in
Appendix E.

2.4 GEDIT Optimization

A set of GEDIT gas delivery alternatives, listed in Table 2, was developed for the alternatives
analysis and optimization. These alternatives were simulated using a three-dimensional TMVOC
vadose zone model.

For the simulation analysis, the injection wells were placed in a five-spot pattern with injection
occurring at the corners of the grid, as well as in the center, as shown in Figure 2 for the 6-meter
(20-feet) injection well spacing case. In practice, the five-spot configuration could be repeated in
all directions. For modeling purposes it was assumed that the results of multiple five-spot
configurations would be mirror images of the results obtained with one five-spot pattern.

The flux rate assigned to the center injection point is the full rate and the flux rate assigned to the
corner elements is one quarter of the individual well injection rate, assuming that in practice at
each corner four of these five-spot configurations come together. No flow is assumed to occur
across the model edges (boundaries), assuming that the 5-spot pattern is repeated in all
directions.

The rectangular model grid consists of 63 plan-view elements. The lateral extent of the model
was based on the horizontal injection well spacing listed in Table 2. The same configuration
shown in Figure 2 for 6-meter (20-feet) spacing was applied to injection configurations with a
15-meter (50-feet) and 24-meter (80-feet) horizontal well spacing by corresponding expansion of
the element horizontal dimensions. In the vertical dimension, the model contains 27 layers,
typically 1.5 meters (5 feet) thick. The model extends to a depth of 38 meters (125 feet), the
approximate depth to groundwater at the pilot test site.

The soil gas and moisture properties assigned to each simulation were the same as those
identified during the mixed gas test calibration simulation described in Section 2.2. The
simulations were run to steady state.



Table 2. Alternatives Analysis and Optimization

Simulations
Horizontal Number
Spacing of | Vertical Flow Per of
Injection | Injection | Hydrogen Vertical Vertical
Wells Interval | /Propane | Nitrogen Injection Injection | Total Flow Per
Alternative (m) (m) (%)* (%) | Point(m*h™) | Points | Well (m®h™)**

1 6 (20 ft) 3 (10 ft) 11% 78% 3.1 (110 cfh) 12 37.4 (1,320 cfh)
2 24 (80 ft) | 3(10ft) 11% 78% 3.1 (110 cfh) 12 37.4 (1,320 cfh)
3 6 (20 ft) 6 (20 ft) 11% 78% 3.1 (110 cfh) 6 18.7(660 cfh)

4 24 (80 ft) | 6 (20 ft) 11% 78% 3.1 (110 cfh) 6 18.7(660 cfh)

5 15(50ft) | 4 (15ft) 2% 96% 0.6 (20 cfh) 8 4.5 (160 cfh)

6 15 (50 ft) | 4 (15ft) 20% 60% 0.6 (20 cfh) 8 4.5 (160 cfh)

7 15 (50 ft) | 4 (15 ft) 2% 96% 5.7 (200 cfh) 8 45.3 (1,600 cfh)
8 15 (50 ft) | 4 (151t) 20% 60% 5.7 (200 cfh) 8 45.3 (1,600 cfh)
9 6 (20 ft) 4 (15 ft) 2% 96% 3.1 (110 cfh) 8 24.9 (880 cfh)
10 24 (80ft) | 4 (15f1) 2% 96% 3.1 (110 cfh) 8 24.9 (880 cfh)
11 6 (20 ft) 4 (15 ft) 20% 60% 3.1 (110 cfh) 8 24.9 (880 cfh)
12 24 (80 ft) | 4 (15ft) 20% 60% 3.1 (110 cfh) 8 24.9 (880 cfh)
13 15 (50 ft) | 3 (10 ft) 11% 78% 0.6 (20 cfh) 12 6.8 (240 cfh)

14 15 (50 ft) | 6 (20 ft) 11% 78% 0.6 (20 cfh) 6 3.4 (120 cfh)

15 15 (50 ft) | 3 (10ft) 11% 78% 5.7 (200 cfh) 12 68.0 (2,400 cfh)
16 15 (50 ft) | 6 (20 ft) 11% 78% 5.7 (200 cfh) 6 34.0 (1,200 cfh)
17 6 (20 ft) 4 (15 ft) 11% 78% 0.6 (20 cfh) 8 4.5 (160 cfh)

18 24 (80 ft) | 4 (15ft) 11% 78% 0.6 (20 cfh) 8 4.5 (160 cfh)

19 6 (20 ft) 4 (15 ft) 11% 78% 5.7 (200 cfh) 8 45.3 (1,600 cfh)
20 24 (80ft) | 4 (15f1) 11% 78% 5.7 (200 cfh) 8 45.3 (1,600 cfh)
21 15 (50 ft) | 3(10ft) 2% 96% 3.1 (110 cfh) 12 37.4 (1,320 cfh)
22 15 (50 ft) | 6 (20 ft) 2% 96% 3.1 (110 cfh) 6 18.7(660 cfh)
23 15 (50 ft) | 3 (10 ft) 20% 60% 3.1 (110 cfh) 12 37.4 (1,320 cfh)
24 15 (50 ft) | 6 (20 ft) 20% 60% 3.1 (110 cfh) 6 18.7(660 cfh)
25 15 (50 ft) | 4 (15 ft) 11% 78% 3.1 (110 cfh) 8 24.9 (880 cfh)

* Equal amounts of hydrogen and propane
** Each injection well is comprised of multiple vertical injection

points




The simulation results were evaluated by graphing steady state vadose zone concentrations along
the long axis of the grid, and by graphing steady state vadose zone concentrations with depth at
the location shown in Figure 2 (element A12-4) which is the element farthest from any injection
well. The graph of results along the long axis of the grid was used to evaluate the radius of
influence of the injection. The graph showing the simulated vadose concentrations with depth
was used to evaluate the impact of different vertical injection intervals.

Figure 2. Schematic Representation Of Model Elements For Injection
Configuration with 6 Meters (20 feet) Horizonal Spacing
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3.0 RESULTS
3.1 Calibration Results

Simulated hydrogen, oxygen and propane vadose zone concentrations were compared with
measured data collected at monitoring locations 1.5 to 17 meters (5 to 56 feet) from the point of
injection at 5.5 meters (18 feet), 8.5 meters (28 feet), 11.6 meters (38 feet) and 14.6 meters (48
feet depth). A majority of the monitoring well locations are oriented in a southwest to northeast
line, with the exception of three monitoring locations that are located approximately
perpendicular to the line of other wells. The observed responses during the mixed gas test tended
to differ between the two lines of wells suggesting that the horizontal permeability in the vadose
zone may be anisotropic. This, in fact, would be consistent with the depositional history of the
materials near the site.



With a two dimensional representation of the vadose zone and uniform distribution of properties,
the model by nature of its assumptions cannot reproduce the observed anisotropy. During
calibration, model properties were adjusted to simulate conditions that were generally
representative of average conditions measured at the wells along both alignments.

Calibration was assessed by visual comparisons of simulated and observed vadose zone
concentrations. The mixed gas mixture was injected into the 5.5- and 8.5-meter below ground
surface (bgs) screens of piezometer P4 (18- and 28-ft bgs). Figure 3 is an example graph
comparing simulated and observed vadose zone concentrations at monitoring point P7 and P3,
located 11.6 meters (38 feet) and 1.5 meters (5 feet), respectively from injection. Appendix B
contains graphs comparing simulated and observed vadose zone concentrations at all the
monitoring locations for the final calibration simulation of the mixed gas pilot test.

Figure 3. Comparison of Simulated and Observed Vadose Zone
Gas Concentrations at P7-48
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Simulation results indicate that the radial model represents the mixed gas transport dynamics in
the vadose zone both near the point of injection and at more distant monitoring locations. With a
two dimensional representation of the vadose zone and uniform properties, the model is not
expected to capture all the variations observed in the data; nonetheless, the model generally does
capture the trends seen in the observed data both with distance from the point of injection and
with depth.



3.2 Optimization Results

Simulation results were compared with gas concentration criteria needed for successful GEDIT
application. These criteria are maintaining hydrogen concentrations above 0.5% and not having
oxygen concentrations exceed 2% (Evans et al. 2009). Example simulation results are presented
in Figure 4 and Figure 5.

Figure 4. Simulated Results for Alternative 6
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Figure 5. Simulated Results for Alternative 15
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The GEDIT criteria are achieved over a relatively small area in Alternative 6 shown in Figure 4.
In Alternative 15, shown in Figure 5, these criteria are achieved over a much larger area.
Appendix C contains graphs showing simulation results for all of the alternatives.

Figure 6 plots the simulated gas concentrations versus percentile (percent of model volume less
than that concentration) for Alternatives 6 and 15. These frequency distributions show that
hydrogen concentrations greater than 0.5% were achieved over a greater volume in Alternative
15 than Alternative 6. The 10th and 50th percentiles for hydrogen for Alternative 6 were 0.10
and 0.60% (i.e., 10% and 50% of the treatment volume had hydrogen concentrations less than
0.10% and 0.60% respectively). For Alternative 15, the 10th and 50th percentile hydrogen
concentrations were 0.68% and 3.0%, respectively. Thus over 90% of the treatment volume
contained hydrogen greater than the threshold concentration of 0.5% in Alternative 15. This was
not the case in Alternative 6 where only about 50% of the treatment volume contained hydrogen
greater than the threshold concentration for hydrogen. Percentile distribution graphs of simulated

steady state hydrogen, oxygen and propane soil gas concentrations are presented for all of the
alternatives in Appendix D.

Figure 6. Percentile Distributions of Steady State Gas Concentrations
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The 10th and 50th percentile concentrations of hydrogen for each alternative were normalized by
the respective injection concentrations and then compared to the pneumatic residence time for
the bulk gas as shown in Figure 7. The pneumatic residence time is the ratio of the vadose zone
void volume associated with each injection well, based on the well spacing, to the bulk gas flow
rate assigned to each injection well. The data did not perfectly fit linear, logarithmic,
exponential, or polynomial equations but roughly fit a power law equation. The power law
regression equation for the normalized 10th percentile hydrogen concentrations had a reasonable
fit (r2 = 0.9474) and was used for subsequent economic analyses. This equation will be site
specific but appears to be useful and simple approach to modeling GEDIT.
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3.3 Economic Analysis

An economic analysis of GEDIT was conducted based on the empirical relationship established
for the 10" percentile curve shown in Figure 7:

ClO
= 6.572T 1284

cinj

Figure 7. Relationship between Minimum Hydrogen Concentrations and Pneumatic
Residence Time
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C19 is the hydrogen concentration associated with the 10th percentile and set to be 1% (i.e., twice
the minimum threshold hydrogen concentration of 0.5%), C'™ is the hydrogen injection
concentration, and T is the pneumatic residence time. The volumetric bulk gas flow rate Q is
defined as:

Vvoid

Q

T =

where Vy,iq IS the vadose zone void volume and is defined as,

Vyoid = Tr2he
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Where r is the injection radius (i.e., half the horizontal well spacing), h is the vertical injection
point spacing which was kept constant at 10 feet, and ¢ is the void fraction which was set to 0.2
as in the TMVOC model. The above equations were combined to provide an equation for the
calculation of Q:

nir?he

7.572Cinj\ %78
(Zeo—)

Thus Q was calculable from r and C™, r was varied from 3 to 12 meters (10 to 40) feet and C'™
was varied from 1% to 30%. The propane concentration was maintained equal to the hydrogen
concentration and the inject gas balance was nitrogen. Unit gas costs were $2.08/m? ($0.059/ft°)
for hydrogen, $1.82/m* ($0.0516/ft°) for propane, and$0.17/m* ($0.0047/ft%) for nitrogen. Unit
drilling costs were assumed to be $490/m ($150/ft). These costs were based on 2011 cost
estimates for a site located in southern California. Operation for 6 months was assumed. Only
drilling and gas costs were evaluated in this analysis since they are the major costs.

The combined unit costs for drilling and gas (i.e., $/m* of soil treated) were estimated and are
presented in Figure 8. The results demonstrate that operation at low hydrogen concentrations
(i.e., 1 and 3%) was not as cost-effective as at greater concentrations. Increasing the hydrogen
concentration above 10% had no benefit. Increasing the horizontal well spacing (i.e., 2r)
decreased unit costs and the greatest increase was observed when the spacing increased from 6.1
meters (20 feet) to 9.1 meters (30 feet). The lowest unit costs were under $19/ m® ($15/yd®). The
intent of this evaluation is not to provide feasibility study level costs for GEDIT but rather to
evaluate the effects of well spacing and gas consumption on cost. A detailed analysis of total
costs would need to be conducted for a specific site evaluation. Also, pilot testing would be
necessary because the model used in this evaluation was based on a site-specific hydrogen
consumption rate constant. Other sites may have a lower or higher rate constant.

The relative contribution of gas and drilling to the overall cost varied as demonstrated in Figure
9. Gas costs contributed relatively more to the total cost as the horizontal well spacing increased
as expected. When the well spacing was small (i.e., 6 meters or 20 feet), low hydrogen injection
concentrations were contributed relatively more to the total cost relative to greater hydrogen
injection concentrations. The relative contribution of gas to the overall cost is highly dependent
on the operational period which was held constant at 6 months in this evaluation.

4.0 CONCLUSIONS

The results of this evaluation demonstrated that TMVOC was capable of modeling GEDIT.
Simple first-order decay was used for hydrogen and propane. More complex models including
stoichiometric linkage of electron donors to electron acceptors was not possible with TMVOC.
TO