
ABSTRACT 
 

 
WEISPFENNING, AARON MICHAEL. Development of a Design Tool for Planning 
Emulsified Oil Injection Systems. (Under the direction of Robert C. Borden.) 
 
 
Emulsified oils have been used at hundreds of sites to stimulate anaerobic biodegradation of 

chlorinated organics, energetic materials, heavy metals, and nitrate.  The process is carried 

out in the following steps: (1) an edible oil emulsion is injected followed by chase water to 

distribute the emulsion throughout the treatment zone, (2) the oil droplets stick to sediment 

surfaces where they ferment to acetate and hydrogen, and (3) the fermentation products drive 

anaerobic biodegradation of target pollutants.  Emulsified oil is long lasting, in many cases 

only needing to be reinjected every 3 to 10 years.  One of the biggest challenges in designing 

these systems is determining an optimal well spacing, amount of emulsified oil, and volume 

of water to inject, that minimizes cost while effectively distributing the emulsion throughout 

the treatment zone. 

 
A spreadsheet based design tool was developed to assist engineers in designing cost-effective 

injection systems.  Information on aquifer parameters and costs for labor, material, and well 

installation are entered first.  Design criteria are then entered for either plume control using 

barriers or source area treatment.  Using this information, the design tool calculates capital 

and project life cycle costs for a range of well spacings.  A sensitivity analysis showed that 

contact efficiency, maximum oil retention, contact time, and the reinjection interval have a 

large impact on project cost for a variety of site conditions.  It was also shown that injection 

through direct push rods can be cost-competitive provided that at least 5 to 10 gallons can be 



 

injected per foot of injection interval, the site has a low hydraulic conductivity, and the 

plume is shallow.  When designing an area treatment, a uniform grid of wells is often the best 

way to maximize emulsion distribution and minimize cost. 
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DEVELOPMENT OF A DESIGN TOOL FOR PLANNING  
EMULSIFIED OIL INJECTION SYSTEMS 

 
 

CHAPTER 1 
INTRODUCTION 

 
 

A design tool was developed to assist with the design of injection systems for distributing 

emulsified edible oils to stimulate in situ anaerobic bioremediation of groundwater 

contaminants.  The design tool is intended to assist users in selecting an appropriate injection 

well spacing and determining the amount of emulsified oil and water to inject.  Such a tool is 

useful as the current practice is primarily based on rules of thumb and prior experience at 

similar sites.  While this may generate an acceptable outcome, there may be a more optimal 

design that can improve contaminant removal efficiency while reducing project cost. 

 
Chapter 2 contains a literature review describing anaerobic bioremediation using emulsified 

oils.  Information on which contaminants and site conditions are most favorable for this 

remediation strategy is included.  The design process used to design an effective injection 

system is outlined in chapter 3.  Chapter 4 goes through a detailed description of the design 

tool and covers the necessary information required to use the tool.  A sensitivity analysis is 

covered in chapter 5.  The analysis was performed to (1) evaluate the effectiveness of the 

design tool in designing an injection system, (2) identify trends that occur when different 

parameters are varied, and (3) provide conclusions that will aid a user in the design process. 
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CHAPTER 2 
LITERATURE REVIEW 

 
 

2.1 Introduction 
 
Anaerobic bioremediation using emulsified oils is a relatively new technology that has been 

demonstrated in both laboratory and pilot scale studies.  The United States Environmental 

Protection Agency (USEPA) recognizes the technology as a viable groundwater remediation 

strategy and most states have approved it (AFCEE, 2004).  The technology has been 

implemented at well over a hundred commercial and military sites (Solutions-IES, 2006). 

 
There are many state and federal programs that determine remediation goals for a site.  In 

general, drinking water standards are much more stringent and often times difficult to 

achieve.  Site cleanup is often attained assuming the water will not be used as a drinking 

water supply.  The site cleanup requirements vary and depend on contaminant concentrations 

prior to treatment, land and groundwater usage at the site, and the controlling regulatory 

program. 

 
Anaerobic bioremediation using emulsified oils has been shown to be effective for treatment 

of chlorinated solvents [tetrachloroethene (PCE), trichloroethene (TCE), 1,1,1-

Trichloroethane (TCA)], energetic materials (TNT, perchlorate), heavy metals, and nitrate 

(Borden, 2007).  Chlorinated solvents have been used in the dry cleaning industry as well as 

by the military for cleaning and degreasing for decades.  Many of the solvents and their 

degradation byproducts have adverse effects on the environment with several of the 

contaminants being known or suspected carcinogens (USEPA, 2007).  Another common 
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contaminant that is seeing increased attention is perchlorate which is used in rocket fuel and 

fireworks.  The main concern with perchlorate is that it interferes with iodine uptake by the 

thyroid and can be especially harmful to pregnant women (USEPA, 2007).  The health 

effects of most contaminants were not originally known and disposal was not regulated, 

resulting in many small and large plumes of contaminated groundwater across the United 

States. 

 
 
2.2 Anaerobic Bioremediation 
 
Anaerobic bioremediation is a naturally occurring process that involves microorganisms 

breaking down a contaminant into simpler and oftentimes less harmful compounds.  Adding 

additional electron donors such as emulsified oil will provide additional food to the bacteria 

and ultimately speed up the process. 

 
2.2.1 Overview of Anaerobic Bioremediation 
 
Many groundwater contaminants are present in an oxidized state therefore they are not 

usually degraded through aerobic bioremediation processes (AFCEE, 2004).  However, they 

are readily degraded through anaerobic processes.  Reduction of contaminants occurs most 

rapidly under methanogenic and sulfate-reducing conditions (AFCEE, 2004).  Methanogenic 

and sulfate-reducing conditions occur only once all dissolved oxygen, nitrate, manganese, 

and iron are consumed.  As terminal electron acceptors are consumed the redox potential 

decreases as shown in Figure 2.1.  At a pH of 7 and temperature of 25 °C anaerobic 

biodegradation occurs most favorably at redox potentials between -350 mV and -550 mV 

(AFCEE, 2004).   
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Figure 2.1.  Oxidation-reduction potentials for various electron accepting processes 
(AFCEE, 2004). 
 
 
An electron acceptor-donor pair must be present for biodegradation to occur (AFCEE, 2004).  

The contaminant serves as the electron acceptor and hydrogen as the electron donor.  

Hydrogen is produced through the fermentation of natural organic material, hydrocarbons, or 

edible oils.  As contaminants are degraded, energy is released supporting microbial growth.  

In addition, waste products such as CO2, Fe+2, Mn+2, and the byproducts of the contaminant 

are released. 

 
2.2.2 Biodegradation of Chlorinated Solvents and Perchlorate 
 
Chlorinated solvents are one of the most prevalent groundwater contaminants and perchlorate 

is fast becoming a contaminant of interest (Solutions-IES, 2006).  For these reasons the 
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biodegradation of these contaminants will be described to illustrate how anaerobic 

biodegradation proceeds.   

 
The biodegradation pathway of PCE to ethene has been well studied and is shown in Figure 

2.2.  Under anaerobic conditions PCE is reduced to TCE, DCE, VC and ultimately to ethene. 

 

 
 
Figure 2.2.  Anaerobic reductive dechlorination of PCE to ethene (from Principles and 
Practices, AFCEE, 2004). 
 
 
In each stage of the process, a chlorine atom is replaced by a hydrogen atom.  Therefore the 

presence of hydrogen is important in degrading chlorinated solvents.  The half reactions and 

balanced equation needed to reduce PCE to TCE are shown below.  In the balanced equation 

hydrogen serves as the electron donor and PCE as the electron acceptor (equations adapted 

from AFCEE, 2004). 

 
 Half reaction: H2 è 2H+ + 2e-  
 
 Half reaction: C2Cl4 + 2H+ + 2e- è C2HCl3 + H+ + Cl-  
 
 Balanced equation: H2 + C2Cl4 è C2HCl3 + H+ + Cl-    
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The degradation of PCE to TCE and TCE to cis-DCE occurs much more rapidly than cis-

DCE to VC and VC to ethene (AFCEE, 2004).  This can be caused by slower rates of 

degradation or the absence of the necessary bacteria to degrade cis-DCE.  The discrepancy in 

degradation rates sometimes results in cis-DCE and VC accumulating and in some cases the 

biodegradation pathway stops at cis-DCE (AFCEE, 2004).  Site geochemistry which includes 

O2, NO3, Fe+3, and SO4
- as well as the microbial community determines if the biodegradation 

process will be completed (AFCEE, 2004). 

 
Perchlorate can be degraded under low oxygen conditions by facultative bacteria that can 

survive under both aerobic and anaerobic conditions (Solutions-IES, 2006).  Perchlorate is 

also degraded under strict anaerobic conditions.  The biodegradation pathway is shown in 

Figure 2.3.  The process occurs in three stages and an oxygen atom is removed during each 

stage.  The electron donor is carbon dioxide and the electron acceptor is perchlorate, chlorate, 

or chlorite.  As with chlorinated solvents, electron donors are required to drive the 

biodegradation process.  There needs to be less than 2.0 mg/L of dissolved oxygen for the 

process to occur (Solutions-IES, 2006). 
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Figure 2.3.  Biodegradation pathway of perchlorate to chloride and oxygen. (from 
Evaluation of Potential for MNA of Perchlorate, Solutions-IES, 2006) 
 
 
Two enzymes are needed to degrade perchlorate to chloride and oxygen.  Reducing 

perchlorate to chlorate and chlorate to chlorite require a perchlorate reductase enzyme 

(Solutions-IES, 2006).  The last step is accomplished with a chlorite dismutation enzyme 

(Solutions-IES, 2006).  The degradation rate of the process is dependent on how quickly 

bacteria can reduce perchlorate to chlorate (Solutions-IES, 2006). 

 
2.2.3 Microbiology 
 
Anaerobic biodegradation will occur if the necessary microorganisms are present and there 

are suitable site conditions to promote microbial growth.  A pH between 5 and 9 is usually 

sufficient for microbial communities.  However, a pH closer to neutral is more desirable as 

microbial growth is highest at a pH between 6 and 8 (AFCEE, 2004).  Bacteria also need to 

have nitrogen and phosphorous available.  Through lab and field studies it has been shown 
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that adding additional nutrients in the form of vitamin B-12 and yeast may help stimulate 

microbial growth (AFCEE, 2004). 

 
There are several groups of bacteria that biodegrade chlorinated solvents.  These groups 

include methanogens, sulfate-reducing bacteria, and dechlorinating bacteria (AFCEE, 2004).  

The degree to which the biodegradation is carried out varies greatly among the species.  It is 

generally accepted that organisms capable of degrading PCE and TCE to cis-DCE are 

prevalent in the subsurface.  However, only the species Dehalococcoides ethenogenes has 

been shown to degrade PCE all the way to ethene (AFCEE, 2004).  It is the presence of 

organisms that can degrade cis-DCE to ethene that is often the determining factor of whether 

complete degradation of PCE will occur (AFCEE, 2004). 

 
Many strains of bacteria capable of degrading perchlorate have been found.  However, the 

Dechloromonas and Dechlorosoma groups seem to be most prevalent (Coates et al. 2002).  

These groups need anaerobic conditions (dissolved oxygen < 2.0 mg/L) and will first 

consume any available nitrate before degrading perchlorate.  Thus the presence of high levels 

of nitrate may inhibit perchlorate degradation (Solutions-IES, 2006). 

 
 
2.3 Edible Oils 
 
Edible oils, usually soybean or other vegetable oils, can be used to stimulate anaerobic 

bioremediation since the oil slowly ferments to hydrogen and acetate (Borden, 2007).  The 

hydrogen and acetate then serve as a carbon source or electron donor for the anaerobic 

biodegradation process.  Edible oils can be injected as pure liquid oil or in an oil and water 
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emulsion.  The advantages and disadvantages of the two injection types are listed in Table 

2.1. 

 
Table 2.1.  Comparison of Pure Liquid Oil Versus an Oil and Water Emulsion 

 
Pure Liquid Oil Oil and Water Emulsion 

Advantages: Advantages: 
   - Can trap chlorinated solvents    - Low permeability loss 
   - Low cost    - Easy to inject 
   - Easy to inject    - Much larger spread from injection point 
Disadvantages: Disadvantages: 
   - Large permeability loss    - Water required to spread oil 
   - Little spread from injection point    - Need semi-permanent wells 
   - Lots of oil is required    - Preparation takes more effort 

 
     (adapted from Solutions-IES, 2006) 
 

An emulsion is more advantageous than pure liquid oil due to the lower permeability loss and 

the greater spread from each injection point.  For these reasons only oil and water emulsions 

(emulsified oil) will be further discussed. 

 
2.3.1 Preparation of Emulsified Oil 
 
Emulsified oils can be prepared in the laboratory, at the field site, or come pre-mixed 

(Solutions-IES, 2006).  Photographs of each preparation method are shown in Figure 2.4.  

Laboratory and field preparation results in a few large droplets of oil surrounded by many 

smaller droplets.  The droplets tend to range between 2 and 20 microns.  The non-uniformity 

of the droplets causes clumping as evidenced in a, b, and c.  The emulsion is still able to 

move through coarse grained sandy aquifers, but pressure buildup during injection and 

permeability loss often occur (Solutions-IES, 2006). 
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Figure 2.4.  Photographs of different emulsion preparations (adapted from Solutions-IES, 
2006). 
 
 
Pre-mixed emulsions are concentrated and come in drums.  The concentrate is diluted with 

water just prior to injection.  Since they are produced off-site using industrial equipment they 

have a much more uniform droplet size.  Oil droplets can be on the order of 1 micron so they 

can easily pass through fine grained sands and silts (Solutions-IES, 2006).  Emulsions can 

also include additional nutrients to stimulate microbial growth (Solutions-IES, 2006).   

 
2.3.2 Emulsified Oil Properties 
 
While oils are not soluble in water, properly prepared oil-in-water emulsions are easily 

dispersed in groundwater.  Pre-mixed emulsions are slightly less dense than water 

(approximately 0.96 to 1.00 g/mL) and density decreases as the percentage of oil rises to a 



 

 11 

maximum oil concentration of around 12% (Solutions-IES, 2006).  The small discrepancy in 

the densities does not cause the emulsion to float on top of the groundwater.  Emulsions can 

be prepared to have a very high viscosity, but manufacturers of pre-mixed emulsions 

recommend the concentrate be diluted with water at ratios ranging from 19:1 to 4:1 

(Solutions-IES, 2006).  This results in an emulsion that is 1.3 to 2.1 times as viscous as water 

(Solutions-IES, 2006).  Higher viscosities may cause injection pressures to rise slightly, but 

this is usually not a major issue. 

 
2.3.3 Transport and Retention of Emulsified Oils 
 
Laboratory and field work conducted by Borden (2007) has shown that emulsion transport 

can be modeled using equations developed for colloid (bacteria) transport.  As noted 

previously, pre-mixed emulsions have a uniform droplet size of around 1 micron which 

allows it to pass through fine grained sands and silts.  The droplets move away from the 

injection point until they bump and stick onto sediments.  This process usually takes 1 to 2 

days to occur, and once the droplets stick they do not become mobile again (Borden, 2007). 

 
In order for the droplets to be retained, there must first be an available space to attach.  As 

more emulsion is injected a thin layer of oil droplets develops on the sediment near the 

injection point.  Once all available space is covered, the oil droplets will travel farther until it 

finds an open space.  Injecting more emulsion will cause the emulsion to travel further.  

Studies have shown that oil can be transported up to 50 feet from the injection point (Borden 

et al. 2008).  An aquifer can only retain a finite amount of oil which is a function of the 

surface chemistry of the oil droplets and the type of soils present.  Silts and clays tend to 
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have a higher retention than sands due to the presence of more charged sites on silts and 

clays (Borden et al. 2008).  Lastly, emulsion transport is not affected by injecting more chase 

water, injecting at a higher pressure, or whether the emulsion is injected continuously or 

pulsed (Solutions-IES, 2006). 

 
 
2.4 Anaerobic Bioremediation Using Emulsified Oil 
 
Anaerobic bioremediation using emulsified oil is a relatively new technology that has had 

varying levels of success all across the United States.  A wide range of contaminants have 

been treated using this technology including chlorinated solvents, perchlorate, nitrate, and 

explosives (Solutions-IES, 2006).  The oil ferments to acetate and hydrogen which provide 

carbon and energy to bacteria that degrade the contaminants.  The oil is a long lasting source 

and only needs to be reinjected every 3 to 10 years depending on aquifer characteristics 

(Solutions-IES, 2006).  Between injections the only cost incurred is for monitoring and 

reporting to evaluate the progress of the treatment.  It is important to note that while this is an 

anaerobic process, it can be implemented in aerobic aquifers as the introduction of emulsified 

oil rapidly reduces the amount of dissolved oxygen and transforms the aquifer to anaerobic 

conditions (Solutions-IES, 2006). 

 
2.4.1 Site Screening 
 
Site screening needs to occur to determine if anaerobic bioremediation using emulsified oil is 

the best treatment strategy.  First off, can all contaminants at the site be treated through 

anaerobic biodegradation?  While there are many contaminants that can be degraded under 
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anaerobic conditions, this does not include petroleum hydrocarbons.  If hydrocarbons are 

present in large quantities, then other treatments should be investigated (Borden et al. 2008). 

 
Secondly, are the site characteristics suitable for the technology?  If the contaminant plume is 

very deep (more than 100 feet below ground surface) or is spread across a large vertical 

distance (greater than 50 feet) then the technology may by more expensive than other 

remediation strategies such as pump-and-treat (Borden et al. 2008).  Uniform aquifers with a 

hydraulic conductivity greater than 10 ft/day are preferable, but the technology can still be 

cost effective for conductivities down to 1 ft/day (Solutions-IES, 2006).  Groundwater 

velocity is also important as high rates (greater than 5 ft/day) will require more substrate to 

keep up with groundwater flowing into the treatment zone (Solutions-IES, 2006).  

Conversely, low velocities on the scale of 1 to 20 ft/year will extend the time it takes to 

remediate the site.  The make up of the aquifer is very important because the presence of 

substantial clay layers may make it impossible to inject the large quantities of chase water 

needed to transport the emulsion away from the injection points.  If dissolved oxygen, 

sulfate, nitrate, iron, and manganese concentrations are high, then more emulsified oil will 

have to be injected which increases project cost (Solutions-IES, 2006).   

 
Secondary water quality issues also need to be considered.  During anaerobic bioremediation, 

substantial amounts of chemical oxygen demand (COD), biochemical oxygen demand 

(BOD), and total dissolved solids (TDS) are released which may cause the water to have a 

bad taste and odor (Solutions-IES, 2006).  The taste and odor return to normal levels once the 

water returns to aerobic conditions downgradient of the treatment zone.  If drinking water 
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wells are located downgradient of the treatment area, they may need to be relocated before 

proceeding.  The last thing to consider is the time frame under which remediation goals are to 

be met.  Emulsified oils can take many years to achieve the desired results so if time is a 

major issue then alternative remedies should be pursued (Borden et al. 2008). 

 
2.4.2 Injection of Emulsified Oil 
 
There are two types of injection systems used to distribute emulsified oil throughout the 

treatment zone.  The first and less common system is a recirculation system (Solutions-IES, 

2006).  These systems are more suitable when drilling costs are high since the emulsion can 

be distributed farther while using fewer injection points.  There is also less risk of 

contaminant displacement.  However, recirculation systems are often more expensive to 

implement and are more complicated to design (Borden et al. 2008).  For these reasons, 

injection only systems will be focused on.  Injection only systems can be laid out as a grid to 

treat a source area or as a barrier composed of one or more rows for plume control. 

 
Selecting a cost-effective well spacing is often very difficult and one of the main reasons for 

the development of this design tool.  Selecting a small well spacing will result in a good 

distribution of emulsified oil throughout the treatment zone, but installation costs may be 

higher.  Conversely, selecting a larger well spacing may result in lower installation costs, but 

substrate costs will be higher.  Coverage throughout the treatment zone is also expected to be 

poorer.  In most cases an intermediate well spacing provides the best solution as costs will be 

optimized while providing adequate emulsion distribution. 
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Injecting emulsified oil generally follows a three step process that includes: (1) installation of 

temporary or permanent injection wells, (2) emulsion preparation, and (3) injection of 

emulsion followed by chase water to distribute the emulsion (Solutions-IES, 2006).  The 

three most common injection techniques are direct-push rods, temporary or permanent 1 inch 

direct-push wells, and 2 to 4 inch permanent conventionally drilled wells.  The method used 

at a site is dependent on equipment availability, depth of the contaminant, and the amount of 

emulsified oil and water that needs to be injected. 

 
As mentioned previously, substantial quantities of oil and water need to be injected to move 

the emulsion away from the injection point.  Injecting more oil increases substrate costs and 

injecting more water will cause labor costs to rise.  Injection points can take anywhere from 

an hour to several days to complete.  For this reason it is almost always advantageous to 

manifold multiple wells together to speed up the process and lower labor costs.  Injecting too 

many wells at a high rate may displace the contaminants and result in poor emulsion 

coverage throughout the treatment zone. 

 
 
2.5 Summary 
 

• Anaerobic bioremediation using emulsified oils has been shown to be effective for 

treatment of chlorinated organics (tetrachloroethene (PCE), 1,1,1-Trichloroethane 

(TCA)), energetic materials (TNT, perchlorate), heavy metals, and nitrate. 

 
• The emulsified oils process is as follows: (1) inject edible oil emulsion followed by 

chase water to distribute the emulsion throughout the treatment zone, (2) the oil 
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droplets stick to sediment surfaces where it ferments to acetate and hydrogen, and (3) 

the fermentation products drive anaerobic biodegradation. 

 
• The technology requires anaerobic conditions, but the injection of emulsified oils 

quickly creates anaerobic conditions in an aerobic aquifer. 

 
• Remediation using emulsified oil has been successful under a wide variety of site 

conditions. 
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CHAPTER 3 
DESIGN PROCESS 

 
 

3.1 Overview 
 
This section provides an overview of the process of designing an emulsified oil injection 

system.  Once developed, this project will be incorporated into a design tool for determining 

injection well spacing, amount of emulsified oil to inject, and volume of water to inject. 

 
Before the design process can begin, a site needs to be screened to determine if an emulsified 

oil injection system can be effective.  Once a conceptual site model is developed the design 

process starts with deciding on an injection well layout and includes several steps before 

determining a life cycle cost.  Coming up with an optimal well spacing to maximize 

effectiveness and minimize cost is an iterative process which is why a design tool was 

developed.  The approach used in the design tool is described in the following sections.  

 
3.1.1 Decide on Injection Well Layout 
 
Several treatment approaches are commonly considered for application of emulsified oils.  

The most common approaches are source area treatment and use of emulsified oil barriers.  A 

schematic of the two approaches are shown in Figure 3.1.  In choosing a treatment approach 

for a given site, it is important to understand the overall objectives of the project.  The 

objectives may be to reduce contaminant concentrations below the maximum contaminant 

levels (MCLs), to reduce mass flux as part of an overall risk reduction approach, or to limit 

plume migration. 
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Figure 3.1.  Using Emulsions to Treat Contaminated Groundwater in: (a) source areas and 
(b) barriers. 
 
 
3.1.2 Select Trial Well Spacing 
 
When planning an injection project, designers need to consider the effect of injection point 

spacing on cost and contact efficiency.  The effect of injection point spacing on cost is 

primarily a trade off between well installation costs and labor costs.  Wider spacing of the 

injection points reduces injection well installation costs, but increases the time/labor required 

for injection.  The well installation costs are affected by the geology and depth to 

groundwater, while the labor costs are determined by the time required for fluid injection 

which is largely a function of the aquifer permeability.  If the aquifer has a high permeability, 

fluid injection will be easier and will take less time.  Multiple wells can often be injected 
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simultaneously to reduce the time required to complete the injections.  Injection tests are 

often conducted to help estimate injection flow rates, pressures, and the approximate time it 

will take to complete the injections.  Well installation and labor costs associated with 

injection should be evaluated on a site-specific basis to determine the appropriate injection 

point spacing.   

 
In real aquifers, subsurface heterogeneities will affect the final oil distribution in the 

subsurface.  Permeability differences will cause some zones to be over-treated and some 

zones to remain untreated.  Groundwater flow and dispersion will provide some spreading of 

aqueous organic carbon increasing the reactive zone.   

 
In this design tool, Scaling Factors (SF) are used to account for a variety of factors on the 

final oil distribution.  Injection well location, sequencing of the injection process, and 

subsurface heterogeneity all influence the final oil distribution and need to be considered 

when selecting an appropriate scaling factor for use when designing an injection system. 

 
3.1.3 Calculate Amount of Emulsified Oil Required 
 
The primary factor to consider in determining how much emulsified oil to inject is the 

entrapment of oil droplets by aquifer material.  The amount of emulsified oil required will be 

a function of: (a) maximum amount of oil retained per mass of aquifer material; (b) treatment 

zone dimensions; and (c) Mass Scaling Factor (SFM) required to achieve a target contact 

efficiency.  Increasing the SFM will increase the expected contact efficiency, but will also 

increase material costs.  Standard test procedures have been developed for estimating the 

maximum amount of oil retained per mass of aquifer material (Borden et al. 2008). 
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3.1.4 Calculate Amount of Fluid Required 

Emulsions are transported in the subsurface by flowing groundwater.  Consequently, water 

must be injected to transport the oil droplets throughout the target treatment zone.  Common 

procedures used include: (a) injecting a concentrated emulsion followed by chase water to 

distribute the oil droplets; (b) continuous injection of a more dilute emulsion; and (c) 

recirculation of emulsion through the treatment zone.  The total amount of fluid (oil and 

water combined) required will be a function of: (a) effective porosity (ne) of the aquifer 

material; (b) treatment zone dimensions; and (c) Volume Scaling Factor (SFV) required to 

achieve a target contact efficiency.  Increasing the SFV will increase the expected contact 

efficiency, but will also increase the time and labor associated with fluid injection.  

 
3.1.5 Estimate the Effective Treatment Life 
 
The expected life of a single emulsion injection (T) can be determined by the mass of oil 

injected and the oil consumption rate where: 

 
 T = mass oil injected (g) / oil consumption rate (g/yr) 
 
 
For barriers, the oil consumption rate is calculated as the mass of oil biodegraded per liter of 

groundwater times the groundwater flow rate through the barrier.  The amount of oil 

biodegraded is primarily controlled by the concentration of pollutants and background 

electron acceptors (e.g. oxygen, nitrate, sulfate) entering the barrier and the amount of 

dissolved organic carbon and methane released by the barrier.  Additional information on 

calculating oil consumption is presented in Solutions-IES (2006) and AFCEE (2007).  
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Reinjection Interval (RI) is calculated as shown below where SFS is the Substrate Scaling 

Factor. 

  
 RI = T * SFS  
 

SFS accounts for the observed decline in treatment performance (i.e. biodegradation rate) as 

substrate (oil) is consumed in the treatment process.  Typically, treatment performance in 

barriers begins to decline when 30 to 60% of the injected substrate has been depleted.  So, a 

SFS of 0.3 to 0.6 is included to account for this effect.   

 
Little is known about the decline in area treatment performance over time.  For this reason a 

substrate scaling factor is not used when designing an area treatment.  When treating source 

areas, the contaminant biodegradation rate is often limited by slow mass transfer rates.  In 

these cases, maintaining a high biodegradation rate may be less critical and a larger 

reinjection interval may be used. 

 
In some cases, the estimation procedure presented above results in an unreasonably large RI.  

In these cases, designers may wish to specify a maximum allowable RI. 

 
3.1.6 Repeat Process for Alternate Well Spacings 
 
The previous steps are repeated for incremental increases in well spacing.  Once this is 

accomplished a graph can be generated showing the optimal well spacing.  Figure 3.2 

demonstrates how the well installation, labor for injection, and substrate costs vary with 

different well spacings. 
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Figure 3.2.  Example cost analysis for a barrier with various injection well spacings. 

 
 

In this example, a well spacing of 15 feet provides the lowest total installation and injection 

costs.  However, designers may wish to use an alternative well spacing based on site specific 

constraints and/or personal experience. 

 
3.1.7 Life Cycle Cost Analysis 
 
After looking at the capital cost analysis it is necessary to determine if multiple reinjections 

over the life of the design changes the optimum well spacing from the capital cost analysis.  

Figure 3.3 shows how well spacing affects the design life net present value. 

 



 

 23 

Design Life NPV

$0

$100,000

$200,000

$300,000

$400,000

$500,000

$600,000

$700,000

0 5 10 15 20 25 30

Well Spacing (ft)

 
 

Figure 3.3.  Example life cycle cost analysis for a barrier with various injection well 
spacings. 

 
 

This example shows that a well spacing of 15 ft has the lowest design life net present value, 

but well spacings of 12.5 and 17.5 are similar.  However, when comparing Figures 3.2 and 

3.3 it is evident that the optimum well spacing for this design is 15 ft as it provides the lowest 

capital and life cycle cost. 

 
 
3.2 Design Tool Flow Chart 
 
A flow chart of the design process is shown in Figure 3.4. 
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Figure 3.4.  Flow chart of the design process for distributing emulsified oil. 
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3.3 Summary 
 

• Injection wells can be laid out in one or more rows across the plume as barrier 

treatment or in a grid to treat the source area. 

 
• Three scaling factors are included to account for a variety of factors on the final oil 

distribution. The volume scaling factor (SFV) relates to the amount of fluid 

(emulsified oil plus water) injected to spread the substrate throughout the treatment 

zone.  The mass scaling factor (SFM) is the ratio of oil injected to the oil required to 

completely saturate the treatment zone.  Lastly, the substrate scaling factor (SFS) 

deals with the decline in treatment performance over time that occurs in barriers. 

 
• Little is known about the decline in area treatment performance over time.  The 

reinjection interval is user-controlled and based on site conditions and personal 

experience instead of being calculated as in a barrier treatment. 

 
• The optimum well spacing generated for the capital cost of the initial installation and 

injection event usually coincides with the optimal well spacing based on the design 

life net present value. 
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CHAPTER 4 
DETAILED DESCRIPTION OF THE DESIGN TOOL 

 
 

4.1 Overview 
 
A design tool was developed for engineers to optimize injection systems for distributing 

emulsified oil for in situ enhanced anaerobic bioremediation of groundwater contaminants in 

barrier and area treatments.  The design process outlined in chapter 3 was applied to the tool 

so that several designs could quickly be created and then compared to arrive at an optimal 

design.  Information on aquifer parameters and costs for labor, material, and well installation 

are entered first.  Design criteria are then entered for either plume control using barriers or 

source area treatment.  Using this information, the design tool calculates capital and project 

life cycle costs for a range of well spacings.   

 
The Microsoft Excel based design tool consists of several worksheets broken into four 

sections entitled: Site Data, Installation and Injection, Barrier Treatment, and Area 

Treatment.  Within each section, there are several worksheets for data entry and design 

calculations.  Using the design tool Table of Contents, users may easily navigate through 

worksheets. 

 
The design tool is setup such that all worksheets within the Site Data section and at least one 

of the three methods in the Installation and Injection section must be filled out for the tool to 

work properly.  Input cells are white and outlined in red, and non-input cells are shaded light 

gray.  There are a few pages that have light yellow cells.  These cells are not used in any 
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calculations, but are provided for the user to include additional information for future 

reference.  Yellow cells may be left blank. 

 

4.2 Site Data – Aquifer Description 
 
4.2.1 General Description 
 
Information about hydraulic and soil characteristics is entered on this page.  The 

characteristics are used in determining the theoretical injection rate as well as calculating 

injection volumes of water and substrate. 

 
4.2.2 Definitions 
 
1. Site Information 
 
a, b, c. Name, description, and location: These are used to identify and describe the project.  

The titles show up again on the Summary of Design page. 

 
2. Hydraulic Characteristics 
 
a, b, c. Depth to water table and depth to top and bottom of injection zone: The depth to 

water table is used in calculating the theoretical estimate of injection rate per well.  The depth 

to top and bottom of injection zone are used to determine the interval of the injection well 

screens (i.e., the screened thickness).  The screened thickness is used to determine the 

thickness of the treatment zone and the volume of water to be treated. 

d, e, f, g. Hydraulic gradient, hydraulic conductivity, and porosity (total and effective): 

This data is used to calculate the seepage velocity (h) and groundwater flux through the 

treatment zone.  Typical values of effective porosity are presented in Table 4.1. 
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3. Soil Characteristics 

a. Description of soil lithology (optional):  Space is provided to enter additional 

information for future reference. 

b. Bulk density: Used to determine the amount of emulsified oil required based on 

maximum oil retention. 

c. Maximum oil retention by aquifer material: Used to determine the amount of 

emulsified oil required.  This value has a critical impact on cost and treatment performance.  

Some example values are provided in Table 4.2. 
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4.2.3  Additional Information 
 
4.2.3.1 Effective Porosity 
 
 

Table 4.1.  Typical Values for Dry Bulk Density, Total Porosity and Effective Porosity of 
Aquifer Materials 

 

Aquifer Matrix Dry Bulk Density 
(g/cm3) Total Porosity Effective Porosity 

Clay 1.00-2.40 0.34-0.60 0.01-0.2 
Peat -- -- 0.3-0.5 
Glacial Sediments 1.15-2.10 -- 0.05-0.2 
Sandy Clay -- -- 0.03-0.2 
Silt -- 0.34-0.61 0.01-0.3 
Loess 0.75-1.60 -- 0.15-0.35 
Fine Sand 1.37-1.81 0.26-0.53 0.1-0.3 
Medium Sand 1.37-1.81 -- 0.15-0.3 
Coarse Sand 1.37-1.81 0.31-0.46 0.2-0.35 
Gravely Sand 1.37-1.81 -- 0.2-0.35 
Fine Gravel 1.36-2.19 0.25-0.38 0.2-0.35 
Medium Gravel 1.36-2.19 -- 0.15-0.25 
Coarse Gravel 1.36-2.19 0.24-0.36 0.1-0.25 
Sandstone 1.60-2.68 0.05-0.30 0.1-0.4 
Siltstone -- 0.21-0.41 0.01-0.35 
Shale 1.54-3.17 0.0-0.10 -- 
Limestone 1.74-2.79 0.0-50.0 0.01-0.24 
Granite 2.24-2.46 -- -- 
Basalt 2.00-2.70 0.03-0.35 -- 
Volcanic Tuff -- -- 0.02-0.35 

      From: AFCEE, 1995. 
 
 
4.2.3.2 Maximum Oil Retention by Aquifer Material 
 
For effective treatment, oil emulsions must be distributed throughout the treatment zone. 

However, as emulsions migrate through the aquifer pore spaces, a significant amount is 

retained.  The small oil droplets coat the surfaces of the aquifer material, typically retaining a 
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maximum of between 0.0001 and 0.01 g of oil per g of aquifer material.  Table 4.2 illustrates 

the range of emulsified oil retained in a variety of aquifer materials. 

 
Table 4.2.  Observed Emulsified Oil Retention by Aquifer Material 

 

Site-Specific Aquifer Material Average Retention 
(g/g) 

Maximum Retention 
(g/g) 

Blended sand (7% silt + clay) 
(Coulibaly and Borden, 2004) 0.0066 (Sandbox) 0.0054 (Lab Column) 

Blended sand (9% silt + clay) 
(Coulibaly and Borden, 2004) 

0.0035 (Sandbox) 
 0.0061 (Lab Column) 

Blended sand (12% silt + clay) 
(Coulibaly and Borden, 2004) 0.0037 (Sandbox) 0.0095 (Lab Column) 

Aluvium (clayey sand) 
(Borden, 2007; Maryland Perchlorate Site, 
EOS®) 

0.0013 (Field) 0.0037 (Lab Column) 

Low K, weathered rock 
(sandy clay with remnant fractures) 
(Burlington, NC) 

0.0017 0.003 
(estimated) 

High K, gravelly sand (Indiana, EOS®) 0.0002 0.0004 
(estimated) 

   From: Borden et al. 2008 
 
 
4.3 Site Data – Contaminant Concentrations 
 
Enhanced AB is applicable to a wide variety of contaminants.  A number of important contaminants 

(e.g., chlorinated solvents, perchlorate, hexavalent chromium) are listed on the spreadsheet.  There are 

also empty spaces for user-entered contaminants (lines m, n, o).  If the user adds contaminants, the 

molecular weight and electron equivalents per mole must be entered for these contaminants to be 

included in the calculations.  The contaminant data are used to calculate the total electron equivalent 

demand which is used to estimate the annual substrate consumption rate. 
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4.4 Site Data – Biogeochemical Characterization 

The biogeochemical data are used to determine the electron equivalent demand from 

background electron acceptors.  The total electron equivalent demand is the sum of the 

electron equivalent demand from contaminants and background electron acceptors and is 

shown on the bottom of the spreadsheet.  This value is an important component of the 

substrate demand.  The soil manganese content (e), soil iron content (g), pH (i), and 

alkalinity (j) are NOT used in ANY calculations and may be left blank. 

 
 
4.5 Site Data – Substrates and Reagents 
 
4.5.1  General Description 
 
Information on the substrate to be used in the design is entered on this page.  The properties 

of the substrate are used to calculate the electrons released per mole and ultimately the 

electron equivalents per Kg of raw product.  This value is used to determine how much 

substrate is needed per year. 

 
4.5.2  Definitions 
 
1. Substrate Used in Design 
 
a, b. Brand and product ID, and chemical formula (optional): These are used to 

document what substrate is used in the design. 

h. Percent vegetable oil: This property is used to calculate the electron equivalents per Kg 

raw product (i) and the annual substrate demand.  Typical values range from 50% to 70%. 

j. Cost per pound of product including shipping: Bulk costs typically range from $1.30 to 

$3.00, but a distributor should be contacted to determine actual costs including delivery. 



 

 32 

k. Cost per pound of oil: This is the cost per pound of oil based on the cost per pound of 

product and the percent vegetable oil in the product.  This is the cost that is used in 

calculating the total substrate cost. 

 
 
4.6 Installation and Injection – Injection through Direct Push Rods 
 
4.6.1 General Description 
 
Information on the labor and materials required for injection of emulsified oil by direct push 

technology (DPT) is entered on this page.  In this approach, the injection points are installed 

and emulsion is injected in a single operation where the DPT equipment drives the rod to the 

desired depth immediately followed by emulsion/water injection.  Once injection is 

complete, the rod is moved to a different depth and the operation is repeated.  Once injection 

is complete, the rod is removed, the hole is grouted, and the DPT equipment is shifted to a 

new location. 

 
4.6.2 Definitions 
 
1. Injection Information 
 
a, b. Top and bottom of injection screen: These values are carried over from the Aquifer 

Description page and used to compute the number of injection intervals (d). 

c. Length of injection screen: The injection screen length specifies the vertical injection 

point spacing. 

e, f. Injection pressure and injection rate: The injection flow rate is used when calculating 

the injection time for a point.  The injection pressure is not used in the calculations.  The 
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space for injection pressure is provided for future reference by the user and may be left 

blank.  

g, h. Gallons injected per foot of injection interval and total gallons per injection point: 

The number of gallons injected per foot of injection value is a user-controlled value and is 

dependent upon site conditions and personal experience with an average value of 10 gal/ft.  

This value is used to determine the injection well spacing as explained in the barrier and area 

treatment capital cost analysis sections.  The total gallons per injection point is the product of 

the gallons injected per foot of injection interval and the saturated thickness. 

 
2. Fixed Costs 
 
The total fixed cost (h) is made up of costs that are independent of the duration of the well 

installation and fluid injection. 

 
3. Prime Contractor Information and Daily Costs 
 
Information about the prime contractor including the number of personnel on-site, average 

labor rate, and per diem are entered.  These values make up the total daily cost for prime 

contractor (j) and factor into the total cost per boring (4-h) as well as the injection costs per 

day (5).  An additional cost can be entered in (i). 

 
4. Subcontractor Information and Daily Costs 
 
Information about the daily cost for direct push equipment is entered along with additional 

material and IDW costs per boring (g) to compute the total cost per boring (h). 
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5. Costs for Injection Using DPT Equipment 
 
The injection costs per day (a) is the sum of the daily costs for the DPT equipment and 

operator and the daily cost for the prime contractor. 

 
 
4.7 Installation and Injection – DPT Well Installation 
 
4.7.1 General Description 
 
Information on the labor and materials required for injection point installation and emulsion 

injection is entered on this page. This approach assumes that temporary or permanent wells 

are installed first using direct push equipment. Well installation is assumed to be by a 

subcontract driller with supervision by the prime contractor.  Once the wells are installed 

multiple wells may be manifolded together for emulsion injection. 

 
4.7.2 Definitions 
 
1. Well Information 
 
a, b. Top and bottom of injection screen: These values are carried over from the Aquifer 

Description page and are used later in the design to determine the effective treatment zone 

thickness. 

c, d. Well screen diameter and effective diameter of sand pack: The well screen diameter 

is not used in the design, but the effective diameter of the sand pack is used to determine the 

theoretical estimate of injection rate per well (3-e).  The effective diameter of sand pack is 

typically 0.75 to 2 inches depending on the installation method. 
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2. Well Installation Costs for Direct Push Installation 
 
Daily costs for equipment, material costs, and personnel costs are entered to compute the 

total cost per well (k).  Per diem, vehicle rental, and lodging costs from (5-d,e,f) are also 

included in the total cost per well.  In addition, the subcontractor mobilization (f) is only 

included in the total fixed cost (4-g). 

 
3. Injection Information 
 
a, b. Injection pressure and well loss coefficient: These values along with hydraulic 

conductivity, depth to top and bottom of injection zone, and effective diameter of sand pack 

are used to calculate the theoretical estimate of injection rate per well (c).  The well loss 

coefficient is a factor ranging from 5 to 20 to account for: (1) pressure buildup associated 

with simultaneous injection of multiple wells; (2) entrance losses through the well screen; 

and (3) clogging around the well screen and/or sand pack.  The equation used in the design is 

based on specific capacity of injection and pumping wells (from Todd, 1980). 
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k = hydraulic conductivity (ft/day) 
Z = effective treatment zone thickness (ft) 
Deff = effective diameter of sand pack (ft) 
P = injection pressure (psi) 
dwt = depth to water table (ft) 
Wellloss  = well loss coefficient 
Ratetheo  = theoretical estimate of injection rate per well (gpm/well) 
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d. Injection rate to be used in design: This is the value used in the design and should not 

exceed the theoretical estimate of injection rate per well.  Users may wish to use a lower 

injection rate in the design based on personal experience. 

 
4. Fixed Costs 
 
The total fixed cost (h) is made up of costs that are independent of the duration of the well 

installation and fluid injection. 

 
5. Injection Costs 
 
Information about personnel, labor rates, and daily injection costs are entered to determine 

the injection costs per day (l).  Additional daily costs can be entered in (i, j, k). 

 
 

4.8 Installation and Injection – Well Installation by Conventional Drilling 
 
4.8.1 General Description 
 
Information on the labor and materials required for conventional well installation and 

emulsion injection is entered on this page. This approach assumes that temporary or 

permanent wells are installed first using conventional drilling equipment. Well installation is 

assumed to be by a subcontract driller with supervision by the prime contractor.  Once the 

wells are installed multiple wells are manifolded together for emulsion injection. 
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4.8.2 Definitions 
 
1. Well Information 
 
a, b. Top and bottom of injection screen: These values are carried over from the Aquifer 

Description page and are used later in the design to determine the effective treatment zone 

thickness. 

c, d. Well screen diameter and effective diameter of sand pack: The well screen diameter 

is not used in the design, but the effective diameter of sand pack is used to determine the 

theoretical estimate of injection rate per well (3-e).  The effective diameter of sand pack is 

typically 1 to 3.75 inches depending on the installation method. 

 
2. Well Installation Costs for Conventional Drilling 
 
The cost for well installation ($/ft), material costs, and personnel costs are entered to 

compute the total cost per well (k).  Per diem, vehicle rental, and lodging costs from (5-d,e,f) 

are also included in the total cost per well.  In addition, the subcontractor mobilization (f) is 

only included in the total fixed cost (4-g). 

 
3. Injection Information 
 
a, b. Injection pressure and well loss coefficient: These values along with hydraulic 

conductivity, depth to top and bottom of injection zone, and effective diameter of sand pack 

are used to calculate the theoretical estimate of injection rate per well (c).  The well loss 

coefficient is a factor ranging from 5 to 20 to account for: (1) pressure buildup associated 

with simultaneous injection of multiple wells; (2) entrance losses through the well screen; 
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and (3) clogging around well screen and/or sand pack.  The equation used in the design is 

based on specific capacity of injection and pumping wells (from Todd, 1980). 
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k = hydraulic conductivity (ft/day) 
Z = effective treatment zone thickness (ft) 
Deff = effective diameter of sand pack (ft) 
P = injection pressure (psi) 
dwt = depth to water table (ft) 
Wellloss  = well loss coefficient 
Ratetheo  = theoretical estimate of injection rate per well (gpm/well) 
 
 

d. Injection rate to be used in design: This is the value used in the design and should not 

exceed the theoretical estimate of injection rate per well.  Users may wish to use a lower 

injection rate in the design based on personal experience. 

 
4. Fixed Costs 
 
The total fixed cost (g) is made up of costs that are independent of the duration of the well 

installation and fluid injection. 

 
5. Injection Costs 
 
Information about personnel, labor rates, and injection daily costs are entered to determine 

the injection costs per day (l).  Additional daily costs can be entered in (i, j, k). 
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4.9 Installation and Injection – Installation and Injection Summary 
 
This worksheet has a button to select the method to be used in the design.  Users can always 

return to this page to evaluate alternative installation and injection approaches.  The four 

parameters for each method that factor into the design are: (a) total fixed cost, (b) dollars per 

injection point, (c) injection rate per well to be used in design, and (d) injection costs per day. 

 
 
4.10 Barrier Treatment – Design Information 
 
4.10.1 General Description 
 
Barrier configurations are often used for plume containment.  Barriers are typically installed 

across the plume perpendicular to groundwater flow.  Design information is entered on this 

page which is used to determine material quantities and estimate costs for different well 

spacings through capital and life cycle cost analyses. 

 
4.10.2 Definitions 
 
1. Treatment Zone Dimensions 
 
A schematic of a barrier design is provided in Figure 4.1 and in the design tool.  

 



 

 40 

Treated
Groundwater

Groundwater Flow

SourceArea
Width

Source
Area

Length

Thickness

Well Spacing

Treated
Groundwater

Groundwater Flow

SourceArea
Width

Source
Area

Length

Thickness

Well Spacing

Thickness

Well Spacing

 
 

Figure 4.1.  Schematic of an emulsified oil barrier 
 
 

a. Width (Y): The user should enter the width of the barrier perpendicular to groundwater 

flow.  Typically, the barrier should be 10% to 30% wider than the plume to account for 

changes/uncertainty in groundwater flow direction and hydraulic conductivity. 

c. Percentage of injection zone that transmits most flow: This user entered value is used to 

account for the fact that the treatment zone may contain substantial layers of impermeable 

layers.  The effective treatment zone thickness (d) should exclude the impermeable layers.  If 

impermeable layers are unaccounted for then the design will be over designed resulting in 

much higher costs. 
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e. Seepage velocity:  This value is copied over from the Aquifer Description page and is 

used along with the minimum allowable contact time to determine the number of rows 

necessary.  

 
2. Treatment Zone Contact Time 
 
a. Minimum allowable contact time: The user enters an estimated contact time within the 

barrier reactive zone to achieve degradation of the target contaminants.  The contact time is 

then used to calculate the number of rows needed (see Capital Cost Analysis – Well 

Layout). 

 

 
w

t

S
vCr ∗

=  

 
 r = number of rows 
 Ct = contact time (days) 
 v = non-reactive transport velocity (ft/day) 
 Sw = well spacing ft 
 
 
If Ct * v is less than the well spacing then the number of rows needed is determined by taking 

(Ct * v)/SW and rounding up to the next whole number where SW is the desired well spacing 

in feet.  If Ct * v is greater than SW then only one row is needed to achieve the desired contact 

time. 

 
The required contact time will be dependent on the target contaminants.  Laboratory column 

experiments and limited field studies suggest a 2 to 4-month contact time when treating 

moderate to high concentrations of chlorinated solvents.  The contact time for perchlorate 
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may be substantially less.  Longer contact times should be considered if there is high sulfate 

loading, very high contaminant concentrations, and a high removal efficiency is desired.   

 
3. Targeted Carbon Released 
 
a. Average amount of DOC released: Dissolved organic carbon (DOC) will be released 

from the barrier as the emulsified oil slowly degrades.  This DOC released is in excess of that 

required for contaminant biodegradation and consumption of competing electron donors.  

Field monitoring data indicates that DOC released from barriers declines from hundreds of 

mg/L shortly after emulsion injection to tens of mg/L near the end of the operating life.  

Long-term average DOC concentrations are typically in the range of 40 to 100 mg/L.  This 

value is an important component of the substrate consumption rate. 

 
4. Design Life 
 
a. Total project life: In this section, the user enters the project design life with a maximum 

of 30 years.  For barriers, the design life is typically based on the expected life of the 

contaminant source. 

b. Substrate scaling factor (SFS): Typically, contaminant treatment efficiency for 

emulsified oil barriers begins to decrease when 30 to 60% of the oil has been consumed by 

bacteria.  While treatment efficiency does not go to zero, it may decline to unacceptable 

levels and reinjection may be needed to maintain performance.  To account for this, the 

design tool includes a substrate scaling factor (SFS).  For example, if the calculated life of a 

single injection (T) is 20 years and treatment performance declines to unacceptable levels 
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once 40% of the oil is consumed (e.g. SFS = 0.4), the model will calculate a required 

reinjection interval (RI) as 

 
 RI = T * SFS = 20 yr * 0.4 = 8 yr 

 
 

c. Maximum time between reinjections: This allows the user to specify a maximum 

reinjection interval to override the calculated reinjection interval.  For example, if the model 

calculates a reinjection interval (RI) of 8 years, the user may decide to specify a maximum RI 

of 5 years based on personal experience.  The design tool will then use an RI of 5 years in the 

life cycle cost analysis.  

 
5. Contact Efficiency  
 
a, b. Mass and Volume Scaling Factors: For the most effective treatment, emulsified oil 

should be uniformly distributed throughout the treatment zone.  However, in real aquifers, a 

variety of factors (e.g. injection well location, injection sequencing, subsurface 

heterogeneity) lead to a non-uniform oil distribution.  A Mass Scaling Factor (SFM) and a 

Volume Scaling Factor (SFV) are used to account for these effects in the design tool.   

 
Effects of SFM and SFV on flow contact efficiency are shown in Figure 4.2.  Upper and 

lower limits of the expected contact efficiency are printed on the spreadsheet as a function of 

the SFM and SFV used in the design. Higher values of SFM and SFV will result in an improved 

contact efficiency while increasing cost.  The following equations are used to determine the 

amount of oil and water to inject in each well. 
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 Mass of oil injected per well = BTVρORSF BMM ∗∗∗   
 Volume of Fluid per well = BTVnSF eV ∗∗  
 
 ORM = maximum oil retention by aquifer material (lb of oil/lb of soil) 
 ρB = bulk density (lb/ft3) 
 ne = effective porosity 
 BTV = base treatment volume (ft3) 

 
 

For barrier treatment, the BTV is defined as the volume of a cylinder with a diameter equal to 

the well spacing (SW) and an effective treatment zone thickness, Z, where  

BTV = ZSπ
4
1 2

W ∗∗∗ . 

 
Clayton (2007) performed a series of numerical modeling simulations to evaluate the effect 

of amount of oil injected and volume of water injected on emulsion contact efficiency in 

barriers.  Figure 4.2 summarizes the results of these simulations.  This relationship is 

incorporated into the design tool to allow users to estimate the contact efficiency for different 

values of SFV and SFM.   
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Figure 4.2.  Contact efficiency for barrier treatment (Clayton, 2007) 
 
 
 
4.11 Barrier Treatment – Capital Cost Analysis 
 
4.11.1 General Description 
 
This section evaluates the capital costs associated with various well spacing configurations 

based on the design information.  A graph of well spacing versus capital cost is displayed at 

the bottom of the page.   

 
4.11.2 Definitions 
 
Calculation of Well Spacing for Injection through Direct Push Rods 
 
For direct push injection, the design tool calculates the well spacing required to deliver the 

necessary injection volumes based upon the gallons injected per foot of injection interval as 

specified on the Injection through Direct Push Rods page.  The well spacing is determined as 

follows: 
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 SW =
IVpt

SFV ∗
1
4

∗π ∗ Z ∗ ne ∗ 7.48 gal
ft 3

 

 
 SW = calculated well spacing (ft) 
 IVpt = gallons injected per injection point (gal) 
 SFV = volume scaling factor 
 Z = effective vertical thickness of injection zone (ft) 
 ne = effective porosity 
 
 
The well spacing is a function of the amount of fluid that can be injected per foot by direct 

push as well as the desired contact efficiency.  Higher contact efficiencies require larger 

volumes to be injected which requires more closely spaced injection points.  This in turn 

increases cost.  Once the well spacing is calculated all subsequent calculations follow those 

outlined below. 

 
1. Well Layout 
 
The tool determines the number of wells needed for each well spacing by dividing the barrier 

width by the well spacing. 

a. Minimum well spacing: This is the minimum well spacing to be evaluated. 

b. Incremental increase in well spacing: A total of nine different well spacings are 

evaluated.  Changing the minimum and incremental values allows one to optimize the design 

by looking for the minimum capital cost. 

e. Number of rows: See the section on contact time in section 4.10 for additional 

information. 
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2. Fixed Costs 
 
a. Planning, engineering, and permitting: This is an estimate for the planning, engineering, 

and permitting costs that goes into the initial design.  It is summed with the fixed cost from 

the selected installation and injection method to make up the total fixed cost (c).  If post 

remediation costs are significant they should be included here. 

 
3. Well Installation 
 
This cost is calculated by multiplying the number of wells for a given well spacing by the 

dollars per injection point for the selected installation and injection method. 

 
4. Injection Information 
 
a. Hours of injection per day: The number of hours per day that injection will occur.  This 

includes both attended and unattended injection and is used to calculate the time required to 

inject a well.  This value will default to the value entered on the Injection through Direct 

Push Rods page if that method is selected. 

b. Maximum number of wells to inject at one time: Injecting multiple wells together 

reduces the total time it takes to complete injection resulting in a lower total cost.  However 

for logistical reasons, the number of wells to inject at once is usually limited to around 10 

wells.  When using Injection through Direct Push Rods only one well can be injected at a 

time. 

c. Percentage of total wells to inject at one time: This value controls how many wells are 

injected at one time and is usually set to 50% to allow for enhanced contact throughout the 

aquifer.  For example, if a barrier has 16 wells, and up to 50% of the wells may be injected at 
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one time, then only 8 wells would be injected one day followed by the second 8 wells the 

next day.  When using Injection through Direct Push Rods, this value will automatically go 

to 100% since only one well will be injected at a time. 

e. Required total water supply rate: The amount of water needed for injection is the 

product of injection rate to be used in the design and the actual number of wells injected 

simultaneously.  If the required amount of water at a site is not available then either a lower 

injection rate needs to be used or fewer wells can be injected at a time. 

 
5. Injection Costs 
 
For each well spacing, the total volume of injection fluid (water plus emulsified oil) is 

calculated based on the well spacing (SW), vertical thickness of injection zone (Z), effective 

porosity (ne) and the Volume Scaling Factor (SFV) where: 

 

 Volume of Fluid per well = ZSπ
4
1nSF 2

WeV ∗∗∗∗∗    

 
 

The total injection volume, expected injection rates, number of wells injected simultaneously, 

and daily injection costs are then used to determine the amount of injection time required for 

each well and the total injection costs.  When using either well installation by direct push or 

conventional drilling, the time to complete a set of wells is rounded up to the next nearest 

day.  This allows time for injection pressures to dissipate and reduces the risk of displacing 

the contaminant.  If injection through direct push rods is selected then multiple wells can be 

injected in a day since only one well is injected at a time. 
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6. Substrate 
 
For each well spacing, the amount of oil required is determined based on the well spacing 

(SW), effective vertical thickness of injection zone (Z), maximum oil retention by the aquifer 

material (ORM), aquifer material bulk density (ρB) and the mass scaling factor (SFM) where  

 
 Mass of Oil per well = BTVρORSF BMM ∗∗∗   

 
 

The effective life of a single emulsion injection and the reinjection interval are calculated by 

using the following equations: 

 

 
QD

Oil
T total

∗
=  

 

 
yr

day
ft
LiKZYQ 3653.28 3 ∗∗∗∗∗=  

 
 RI = T * SFS 

 
 T = effective life of single injection (yrs) 
 Oiltotal = total mass of oil injected (lbs) 
 D = oil demand (lbs/L) 
 Q = water flux (L/yr) 
 Y = treatment zone width (ft) 
 Z = effective treatment zone thickness (ft) 
 K = hydraulic conductivity (ft/day) 
 i = hydraulic gradient (ft/ft) 

RI = reinjection interval (yrs) 
SFS = substrate scaling factor 
 
 

7. Total Installation and Injection Costs 
 
The fixed, well installation, labor for injection, and substrate costs are summed to provide the 

user with the total capital costs for each well spacing.  The cost data are also displayed 
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graphically.  Based on the cost data, the user can see the effect of well spacing on capital 

cost.  It is important to keep in mind that these costs are only for the initial installation and 

injection event. 

 
 
4.12 Barrier Treatment – Life Cycle Analysis 
 
4.12.1 General Description 
 
This section calculates estimated reinjection costs which are then used to estimate life-cycle 

costs.  Information related to future injections is entered and then costs are calculated for 

future injections as well as the net present value of the design.  A graph displays well spacing 

versus net present value (NPV) to aid in selecting a design.  Selecting a design lets the user 

see a breakdown of the costs for that design. 

 
4.12.2 Definitions 

 
A. First Event Costs 
 
These values are the capital costs for the initial installation and injection event carried over 

from the capital cost analysis. 

 
B. Life Cycle Analysis 
 
a. Annual interest rate: This is the annual interest rate used to compute net present values. 

Typically, a rate between 3.5% and 5% is used. 

b. Engineering, Planning, and Permitting costs: The estimated cost to engineer, plan, and 

permit future installation and injection events.  This value will typically be less than the value 

for the initial design entered on the Capital Cost Analysis page. 
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c. Fixed costs: This value is carried over from the selected installation and injection method. 

d. Annual monitoring and reporting costs: The cost each year for monitoring and 

reporting.  Depending on the number of wells and how often samples are taken this can range 

from $5,000 per year upwards to $20,000 per year. 

e. Well rehabilitation and/or installation cost: The percentage of the first event cost for 

well installation that will be used for future events.  This covers any costs necessary to 

prepare the wells for injection.  If injection through direct push rods is selected then this 

value will always be 100% as the points are temporary. 

 
C. Life-Cycle Cost Analysis 
 
1. Injection Costs per Future Event 
 
Based on the information supplied in section B, this is the capital cost for each future 

installation and injection event.  Once again, the reinjection interval is determined by taking 

the lesser of the calculated reinjection interval (RI = T * SFS) and the user entered maximum 

time between reinjections. 

 
2. Net Present Value for Design Life 
 
This section shows the reinjection frequency (b), the NPV for monitoring and reporting (c), 

and the NPV for the total injection costs (d).  The project life NPV (e) is the sum of the NPV 

for monitoring and reporting and the NPV for the total injection costs.   
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4.13 Barrier Treatment – Net Present Value for Selected Design 
 
This section breaks down the net present values for the design selected on the Life Cycle 

Analysis page.  The NPV cost is shown for each item pertaining to a year.  The event total is 

the sum of fixed costs, well installation, labor for injection, and substrate.  Total is the sum of 

monitoring and the injection event.  The cumulative cost is the total NPV up to and including 

that year.  The total cost (b) shows the sum of each component: monitoring, fixed costs, well 

installation, labor for injection, substrate, event, and total.  The graph on the bottom left 

shows the annual costs for the different components to see what is contributing most to the 

cost of the design.  The graph to the right shows the cumulative NPV versus the year. 

 
 
4.14 Barrier Treatment – Selected Design 
 
This is a summary of the selected design and shows information on the design layout, costs 

for initial and future installation and injection events, and the total life cycle costs.  Design 

parameters, which directly affect the design, are also shown as well as a section to include 

additional notes about the design.  The summary should be printed or saved before modifying 

the design. 

 
 
4.15 Area Treatment – Design Information  
 
4.15.1 General Description 
 
Area treatments are often used to treat source areas.  The area treatment design assumes 

several rows of injection wells are installed across the source area perpendicular to 

groundwater flow.  Design information is entered on this page and used to determine material 
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quantities and estimate costs for different well spacings through capital and life cycle cost 

analyses. 

 
4.15.2 Definitions 
 
1. Treatment Zone Dimensions 
 
A schematic of the source area treatment design is provided in Figure 4.3 and in the design 

tool.  

 

 
 

Figure 4.3.  Emulsified Oil Area Treatment Design Schematic 
 
 

a. Width (X): The user should enter the width of the treatment zone perpendicular to 

groundwater flow.   

b. Length (Y): The user enters the length of the treatment zone parallel to groundwater flow.  
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c. Row spacing:  This is the ratio of well spacing to row spacing to determine how far apart 

the rows will be spaced.  For example, a ratio of 2 to 1 and a well spacing of 5 ft means the 

rows will be spaced 10 feet apart for the length of the treatment zone.  Depending on which 

ratio is selected the graph and formula for calculating contact efficiency will change. 

e. Percentage of injection zone that transmits most flow: This user entered value is used to 

account for the fact that the treatment zone may contain substantial layers of impermeable 

material.  The effective treatment zone thickness (f) should exclude the impermeable layers.  

If impermeable layers are not considered, excess oil and water may be injected, increasing 

costs. 

 
2. Design Life 
 
a. Reinjection interval: The reinjection interval is a fixed value specified by the user.  The 

value entered will carry over to the life-cycle cost analysis.  Personal experience or other case 

studies should be consulted when determining this value. 

b. Total project life: In this section, the user enters the project design life with a maximum 

of 30 years.  Accurate estimation of the actual time to remediate a source area is extremely 

difficult and is beyond the scope of this design tool.  Laboratory studies and field pilot tests 

have demonstrated that oil addition can stimulate rapid biodegradation of contaminants in the 

higher permeability zones with contaminants degraded to low levels in 6 to 12 months.  

However, mass transfer limitations may greatly reduce the rate that DNAPLs and 

contaminants in low permeability zones are degraded.  If residual oils are present, aqueous 

phase contaminants will be degraded over time as they diffuse out into the more mobile 

portions of the aquifer.  However, once the oil is depleted, aqueous phase contaminants may 
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be released to the downgradient aquifer.  For most source areas, a five-year project life 

should be provided as a minimum with the expectation that additional oil may need to be 

injected at some time in the future. 

 
3. Contact Efficiency 
  
a, b. Mass and Volume Scaling Factors: In an ideal, homogeneous aquifer, emulsified oil 

should be uniformly distributed throughout the treatment zone.  However, in real aquifers, a 

variety of factors (injection well location, injection sequencing, subsurface heterogeneity) 

lead to a non-uniform oil distribution.  A Mass Scaling Factor (SFM) and Volume Scaling 

Factor (SFV) are used to account for these effects in the design tool.  Higher values of SFM 

and SFV will result in improved contact efficiency while increasing cost.  The following 

equations are used to determine the amount of oil and water to inject in each well. 

 

 Mass of oil injected per well = M M BSF OR BTV
w

ρ∗ ∗ ∗  

 

 Volume of Fluid per well = SFV ∗ ne ∗BTV
w

 

 
 ORM = maximum oil retention by aquifer material (lb/lb) 
 ρB = bulk density (lb/ft3) 
 ne = effective porosity 
 BTV = base treatment volume (ft3) 
 w = total number of wells 

 
 

The BTV is defined as the volume of the target treatment zone where BTV = X*Y*Z.  In the 

previous equation X = width, Y = length, and Z = effective treatment zone thickness.  
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Clayton (2007) performed a series of numerical modeling simulations to evaluate the effects 

of amount of oil injected and volume of water injected on emulsion contact efficiency for 

grid injections.  Figures 4.4 and 4.5 summarize the results of these simulations.  Upper and 

lower limits of the expected contact efficiency are printed on the spreadsheet as a function of 

the SFM and SFV to be used in the design.   
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Figure 4.4.  Contact efficiency for area treatment when row Spacing = well spacing (1:1 
ratio) (Clayton, 2007) 
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Figure 4.5.  Contact efficiency for area treatment when row spacing = 2 * well spacing (2:1 
ratio) (Clayton, 2007) 
 
 
 
4.16 Area Treatment– Capital Cost Analysis 
 
4.16.1 General Description 
 
This section evaluates the capital costs associated with various well spacing configurations 

based on the design information.  A graph of well spacing versus capital cost is displayed at 

the bottom of the page.   

 
4.16.2 Definitions 
 
Calculation of Well Spacing for Injection through Direct Push Rods 
 
For direct push injection, the design tool calculates the well spacing required to deliver the 

necessary injection volumes based upon the gallons injected per foot of injection interval as 
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specified on the Injection through Direct Push Rods page.  First the total injection volume is 

calculated then the well spacing is determined.  The equations are as follows: 

 
 IVtotal = SFV ∗ X ∗ Y∗ Z ∗ne  
 

 SW =
X ∗ Y

IVtotal

IVpt

∗ 7.48 gal
ft 3

 

 
 IVtotal = total injection volume (ft3) 
 SFV = volume scaling factor 
 X = treatment zone width (ft) 
 Y = treatment zone length (ft) 
 Z = effective vertical thickness of injection zone (ft) 
 ne = effective porosity 
 SW = calculated well spacing (ft) 
 IVpt = gallons injected per injection point (gal) 
  
  
The well spacing is a function of the volume of fluid that that can be injected per direct push 

point and the desired contact efficiency.  Higher contact efficiencies require larger injection 

volumes and more injection points.  This in turn increases cost.  Once the well spacing is 

calculated, all subsequent calculations follow those outlined below. 

 
1. Well Layout 
 
The tool determines the number of wells for each row of wells by dividing the width of the 

treatment zone by the well spacing.  The number of rows is the treatment zone length divided 

by the row spacing. 

a. Minimum well spacing: This is the minimum well spacing to be evaluated. 
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b. Incremental increase in well spacing: A total of nine different well spacings are 

evaluated.  Changing the minimum and incremental values allows one to optimize the design 

by looking for the minimum capital cost. 

 
2. Fixed Costs 
 
a. Planning, engineering, and permitting: This is an estimate for the planning, engineering, 

and permitting costs that goes into the initial design.  It is summed with the fixed cost from 

the selected installation and injection method to make up the total fixed cost (c).  If post-

remediation costs are significant, they should be included here. 

 
3. Well Installation 
 
This cost is calculated by multiplying the number of wells for a given well spacing by the 

dollars per injection point for the selected installation and injection method. 

 
4. Injection Information 
 
a. Hours of injection per day: The number of hours per day that injection will occur.  This 

includes both attended and unattended injection and is used to calculate the time required to 

inject a well. This value will default to the value entered on the Injection through Direct 

Push Rods page if that method is selected. 

b. Maximum number of wells to inject at one time: Injecting multiple wells together 

reduces the total time it takes to complete injection resulting in a lower total cost.  However, 

the number of wells to inject at once is usually limited to around 10 for logistical reasons.  

When using Injection through Direct Push Rods only one well can be injected at a time. 
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c. Percentage of total wells to inject at one time: This value controls how many wells can 

be injected at one time and is usually set at 50% to allow for enhanced contact throughout the 

treatment zone.  For example, if an area treatment has 16 wells and up to 50% of the wells 

may be injected at one time, then only 8 wells will be injected one day followed by the 

second set of 8 wells the next day.  When using injection through direct push rods, this value 

will automatically go to 100% since only one well will be injected at a time. 

e. Required total water supply rate: The amount of water needed for injection is the 

product of injection rate to be used in the design and the actual number of wells injected 

simultaneously.  If the required amount of water at a site is not available, then either a lower 

injection rate needs to be used or fewer wells can be injected at a time. 

 
5. Injection 
 
For each well spacing, the total volume of injection fluid (water plus emulsified oil) per well 

is calculated based on the treatment zone dimensions (X and Y), vertical thickness of 

injection zone (Z), effective porosity (ne) and the Volume Scaling Factor (SFV) where w is 

the total number of wells 

 

 Volume of Fluid per well = 
w

BTVnSF eM ∗∗  

 
 

The total injection volume, expected injection rates, number of wells injected simultaneously, 

and daily injection costs are then used to determine the amount of injection time required for 

each well and the total injection costs.  When using either well installation by direct push or 

conventional drilling, the time to complete a set of wells is rounded up to the next nearest 
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day.  This allows time for injection pressures to dissipate and reduces the risk of displacing 

the contaminant.  If injection through direct push rods is selected then multiple wells can be 

injected in a day since only one well is injected at a time. 

 
6. Substrate 
 
For each well spacing, the amount of oil required per well is determined based upon the 

vertical thickness of injection zone (Z), maximum oil retention by the aquifer material 

(ORM), aquifer material bulk density (ρB) and the mass scaling factor (SFM) where w is the 

total number of wells 

 

 Mass of Oil per well = 
w

BTVρORSF BMM ∗∗∗  

 
 

7. Total Installation and Injection Costs 
 
The fixed, well installation, labor for injection, and substrate costs are summed to provide the 

user with the total capital costs for each well spacing.  The cost data are also displayed 

graphically.  Based on the cost data the user can see the effect of well spacing on capital cost.  

It is important to keep in mind that these costs are only for the initial installation and 

injection event. 

 
 
4.17 Area Treatment – Life Cycle Analysis 
 
4.17.1 General Description 
 
This section calculates estimated reinjection costs which are then used to estimate life-cycle 

costs.  Information related to future injections is entered and then costs are calculated for 
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future injections as well as the net present value of the design.  A graph displays well spacing 

versus net present value (NPV) to aid in selecting a design.  Selecting a design lets the user 

see a breakdown of the costs for that design. 

 
4.17.2 Definitions 

 
A. First Event Costs 
 
These values are the capital costs for the initial installation and injection event carried over 

from the capital cost analysis. 

 
B. Life Cycle Analysis 
 
a. Annual interest rate: This is the annual interest rate used to compute net present values. 

Typically, a rate between 3.5% and 5% is used. 

b. Planning, engineering, and permitting costs: The estimated cost to engineer, plan, and 

permit future installation and injection events.  This value will typically be less than the value 

for the initial design entered in the Capital Cost Analysis page. 

c. Fixed costs: This value is carried over from the selected installation and injection method. 

d. Annual monitoring and reporting costs: The cost each year for monitoring and 

reporting.  Depending on the number of wells and how often samples are taken this can range 

from $5,000 per year upwards to $20,000 per year. 

e. Well rehabilitation and/or installation cost: The percentage of the first event cost for 

well installation that will be used for future events.  This covers any costs necessary to 

prepare the wells for injection.  If injection through direct push rods is selected then this 

value will always be 100% as the points are temporary. 
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C. Life-Cycle Cost Analysis 
 
1. Injection Costs per Future Event 
 
Based on the information supplied in section B, this is the capital cost for each future 

installation and injection event. 

2. Net Present Value for Design Life 
 
This section shows the reinjection frequency (b), the NPV for monitoring and reporting (c), 

and the NPV for the total injection costs (d).  The project life NPV (e) is the sum of the NPV 

for monitoring and reporting and the NPV for the total injection costs.   

 
 

4.18 Area Treatment – Net Present Value for Selected Design 
 
This section breaks down the net present values for the design selected on the Life Cycle 

Analysis page.  The NPV cost is shown for each item pertaining to a year.  The event total is 

the sum of fixed costs, well installation, labor for injection, and substrate.  Total is the sum of 

monitoring and the injection event.  The cumulative cost is the total NPV up to and including 

that year.  The total cost (b) shows the sum of each component: monitoring, fixed costs, well 

installation, labor for injection, substrate, event, and total.  The graph on the bottom left 

shows the annual costs for the different components to see what is contributing most to the 

cost of the design.  The graph to the right shows the cumulative NPV versus the year. 

 
 
4.19 Area Treatment – Selected Design 
 
This is a summary of the selected design and shows information on the design layout, costs 

for initial and future installation and injection events, and the total life cycle costs.  Design 
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parameters, which directly affect the design, are also shown as well as section to include 

additional notes about the design.  The summary should be printed and saved before 

modifying the design. 

 
 
4.20 Summary 
 

• The design tool is broken into the following four sections: site data, installation and 

injection, barrier treatment, and area treatment.  All cells outlined in red need to be 

filled in for the design tool to work properly.  Only one installation and injection 

method needs to be completed. 

 
• If injection through direct push rods is selected as the installation and injection 

method, then only one well will be injected at a time and future well installation costs 

are set to 100% of the initial cost.  This method also calculates the well spacing 

needed to inject the necessary volumes based on the number of gallons injected per 

foot of injection interval and the volume scaling factor (SFV). 

 
• The barrier base treatment volume is based on a cylinder around each injection point 

with a diameter equal to the well spacing.  Area base treatment volumes are based on 

the amount of groundwater contained within the specified source area dimensions. 

 
• Contact efficiency is dependent upon volume and mass scaling factors.  There are 

separate functions and graphs to evaluate the contact efficiency for a barrier, area 

treatment with a 1:1 well spacing to row spacing ratio, and an area treatment with a 

2:1 ratio. 
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CHAPTER 5 
SENSITIVITY ANALYSIS 

 
 

5.1 Introduction 
 
A sensitivity analysis was performed to (1) evaluate the effectiveness of the design tool in 

designing a remediation plan, (2) identify trends that occur when different parameters are 

varied, and (3) provide general guidance to aid users in the design process.  In order to 

accomplish these tasks, several analyses were conducted.  Analyses included comparisons of 

the three installation and injection methods, evaluating barrier and area treatments under 

varying site conditions, and whether using a larger row spacing than well spacing is 

beneficial for area treatment.  In all analyses, the design chosen was the well spacing that 

provided the lowest design life net present value (NPV).  The capital cost data provided is 

taken from the well spacing of the most cost-effective design based on the design life NPV 

criteria. 

 
 
5.2 Base Case 
 
5.2.1 Site Description and Initial Values 
 
The base case was setup to represent a typical site in order to compare the effect of varying 

different factors.  A sketch of the base case site is shown in Figure 5.1.  The site is 

comprised of a shallow aquifer comprised of silty sand and gravel that is contaminated with 

2,000 µg/L of TCE.  The source area is 50 feet by 50 feet.  A permeable reactive barrier 

would be installed 450 feet downgradient of the source where the plume is 375 feet wide. 
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Figure 5.1.  Schematic of the base case layout. 
 
 
The aquifer lies 10 feet below ground surface and is 30 feet thick.  The hydraulic 

conductivity is 5.65 ft/day with a seepage velocity of 33 ft/yr.  The aquifer material has a 

bulk density of 100 lbs/ft3 and a maximum oil retention of 0.004 lbs oil/lbs soil.  Background 

dissolved oxygen and sulfate are 10 mg/L and 50 mg/L respectively.   

 
For the base case condition, a barrier is designed to be 400 feet wide to account for 

uncertainty in groundwater flow direction and the loss of permeability due to biological 

growth.  The 30 year design life used a substrate scaling factor of 0.5 with a maximum time 

between reinjections of 10 years.  Additional design parameters include a minimum contact 

time of 60 days, volume scaling factor of 1.0, and mass scaling factor of 1.0.  The volume 

and mass scaling factors result in an estimated contact efficiency of around 88%.  To reiterate 

information presented in previous sections, the volume scaling factor represents the amount 
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of fluid (oil and water) injected to spread the emulsion throughout the treatment zone and the 

mass scaling factor corresponds to the ratio of oil injected to the oil required to completely 

saturate the treatment zone.  Treatment of the 50 feet by 50 feet source area also uses a 

project life of 30 years with a reinjection interval of 5 years.  The ratio of well spacing to row 

spacing is set at 1:1 with volume and mass scaling factors of 1.0.  The scaling factors 

produce a contact efficiency of approximately 75%.    

 
For both barrier and area treatment, 9 hours of injection occur per day with a maximum of 10 

wells being injected at one time.  The maximum percentage of wells to inject at one time is 

50%.  An injection rate of 2.0 gpm/well was used with injection costs of $2,941/day.  Well 

installation by direct push followed by emulsion injection was chosen as the installation and 

injection method due to the shallow depth of the aquifer and lower well costs of $1,266 per 

well.  An emulsion comprised of 50% vegetable oil at a cost of $5.24 per pound of oil was 

used in all cases.  The life cycle analysis uses an annual interest rate of 5.0% with annual 

monitoring and reporting costs of $5,800.  Well rehabilitation costs for future injection 

events are set at 25% of the initial well installation cost.  A full listing of the parameters can 

be found in the appendix.  

 
5.2.2 Barrier Treatment 
 
The four parameters varied were contact efficiency (volume and mass scaling factors), 

maximum oil retention, contact time, and substrate scaling factor.  The base case values are 

as follows: volume scaling factor = 1.0, mass scaling factor = 1.0, maximum oil retention = 

0.004 lbs oil/lbs soil, contact time = 60 days, and substrate scaling factor = 0.5.  Only one 
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variable was changed at a time.  Graphs of contact efficiency are shown in Figure 5.2.  The 

volume and mass scaling factors were varied in order to attain certain contact efficiencies.  

For SFV < SFM and SFV > SFM the factors varied by a factor of 1.5 to 2.  For example, for a 

contact efficiency of 70% SFV = 0.3 and SFM = 0.7 for SFV < SFM and SFV = 0.7 and SFM = 

0.4 for SFV > SFM.  
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Figure 5.2.  Contact efficiency as a function of (a) capital cost for the initial installation and 
injection event and (b) design life net present value. 
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At contact efficiencies less than 85% the ratio between the amount of fluid and oil injected 

does not have a large impact on the cost of the design.  Having a larger mass scaling factor 

than volume scaling factor almost always increases the cost for a given contact efficiency, 

but the cost rises substantially at contact efficiencies greater than 85%.  Conversely, using a 

higher SFV than SFM provides a slight cost savings when compared to setting the scaling 

factors equal.  This benefit is readily seen once the contact efficiency is greater than 90%.  In 

future analyses the scaling factors will be kept equal.  The effect of varying maximum oil 

retention, contact time, and the substrate scaling factor are shown in Figures 5.3 through 5.5. 
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Figure 5.3.  Maximum oil retention as a function of capital cost for the initial event and the 
design life net present value. 
 
 
Capital and NPV costs are higher for a maximum oil retention of 0.001 than 0.003 since at 

very low oil retention values the oil is not adhering to the aquifer material readily.  This 

causes the substrate to become used up quicker resulting in shorter reinjection intervals and a 

higher project cost.  At high oil retention values the aquifer is able to accommodate more oil 

per pound of soil therefore the oil is adhering to sediments much closer to the injection point.  
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More oil and water must be injected to obtain the desired distance from the injection point, 

which increases the cost. 
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Figure 5.4.  Contact time as a function of capital cost for the initial event and the design life 
net present value. 
 
 
Contact time is an important design parameter and is often based on site conditions and prior 

experience.  Higher contact times may be needed if high contaminant or sulfate 

concentrations are present.  Increasing the contact time is also expected to improve removal 

efficiency.  As shown in the graph, contact time doesn’t have a large impact on cost until the 

contact time is greater than approximately 80 days.  Higher contact times require a larger 

spread of oil from the injection point which means more oil and water need to be injected. 
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Figure 5.5.  Substrate scaling factor as a function of capital cost for the initial event and the 
design life net present value. 
 
 
A substrate scaling factor of one implies that the barrier performs at optimal efficiency until 

100% of the oil is depleted.  While unrealistic, this maximizes the time between reinjections.  

Low scaling factors indicate more uncertainty in how long the oil will last before 

performance decreases which causes the reinjection intervals to be shorter.  As shown in 

Figure 5.5 the cost is not affected by scaling factors higher than 0.5 as the calculated 

reinjection interval is greater than the maximum allowable reinjection time of 10 years.  In all 

cases the capital cost for a single injection follows the same trend as the design life NPV, 

therefore only NPV data will be shown in subsequent analysis. 

 
5.2.3 Area Treatment 
 
The same approach as the barrier treatment was taken for a 50 feet by 50 feet source area 

treatment.  Contact efficiency (volume and mass scaling factors), maximum oil retention, and 

reinjection interval were the parameters analyzed.  The base case values were: volume 

scaling factor = 1.0, mass scaling factor = 1.0, maximum oil retention = 0.004 lbs oil/lbs soil, 
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and reinjection interval = 5 years.  Well spacing to row spacing ratios of 1:1 and 2:1 were 

also evaluated.  Figure 5.6 shows cost and contact efficiency data for the two ratios. 
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Figure 5.6.  The effect contact efficiency has on NPV for well spacing to row spacing ratios 
of (a) 1:1 and (b) 2:1. 
 
 
The ratio of the volume and mass scaling factors doesn’t have an impact on costs mainly due 

to the fact that the reinjection interval is a fixed value as opposed to the barrier treatment 

where it is calculated.  Another reason for this is that the amount of fluid and oil needed to 

inject is determined by taking the volume of the treatment area instead of using the barrier 
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approach where base treatment volumes are based on a cylinder around each injection point.  

However, as expected, increasing the contact efficiency increases the cost since more oil and 

water need to be injected.  All subsequent analyses will use equal scaling factors since this 

provides an average cost of the three variations.  A direct comparison of the two ratios is 

presented in Figure 5.7. 
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Figure 5.7.  Comparison of contact efficiency for well spacing to row spacing ratios of 1:1 
and 2:1. 
 
 
When costs for the two ratios are compared for the same contact efficiency then an equal 

well spacing and row spacing is always more cost effective.  The reason for this is that it is 

easier to contact a certain percentage of the treatment zone when a uniform grid is used as 

there are fewer voids that may or may not be contacted with substrate.  The next section will 

investigate whether or not a ratio of 2:1 can be more cost effective than a uniform grid.  

Since a uniform grid is more cost effective only data for changes in maximum oil retention 

and reinjection interval are shown for a ratio of 1:1 in Figures 5.8 and 5.9. 
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Figure 5.8.  Relationship between maximum oil retention and NPV. 
 
 
A linear relationship between oil retention and NPV is a result of the reinjection interval 

being specified and that the area treatment contains a certain amount of water that needs to be 

treated.  Higher oil retention values require more oil and water to be injected in order to be 

distributed throughout the treatment zone as the aquifer material retains more oil close to the 

injection points. 
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Figure 5.9.  Relationship between reinjection interval and NPV. 
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The relationship is not linear even though the reinjection interval is a user entered value 

based on prior experience.  Net present value is dependent on the time value of money and 

injecting more frequently within the first 10 years of the project raises the NPV substantially. 

 
 
5.3 Comparison of Well Spacing to Row Spacing Ratios 
 
The previous section showed that under the base case conditions a uniform grid was always 

more cost effective than having the row spacing twice that of the well spacing.  It was 

hypothesized that using a ratio of 2:1 would be more cost effective at low oil retention values 

and high well installation costs.  The reasoning behind this was that if well installation costs 

were the major costs in an installation injection event then having a ratio of 2:1 would be 

more inexpensive than a uniform grid as fewer wells would be needed.  Lower retention 

values require less amounts of oil to be injected into the treatment zone thus further 

emphasizing the importance of well installation costs.  Contact efficiencies between 40% and 

55% were used so that the two ratios could be directly compared.  The well installation costs 

were then varied and compared to one another using a maximum oil retention of 0.001 lbs 

oil/lbs soil.  The results are shown in Figure 5.10. 
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Figure 5.10.  Comparison of a uniform grid (1:1) versus a grid where row spacing is twice 
the well spacing (2:1).  The first number in the legend represents the cost per well ($/well) 
and the second number is the ratio. 
 
 
The solid lines in Figure 5.10 represent a 1:1 ratio while a dashed line is for a 2:1 ratio.  For 

all contact efficiencies a uniform grid spacing is more cost effective than using a 2:1 ratio.  

The cost difference between the ratios widens as contact efficiency increases.  The same can 

be said about increasing the cost per well as the two ratios are closest to one another when 

the cost per well is $1,000 which is very similar to the base case value of $1,266 per well.  

The 2:1 ratio was never more cost effective in large part due to the scaling factors used to 

achieve the contact efficiencies.  For example, a contact efficiency of 55% has mass and 

volume scaling factors of 0.65 for a 1:1 ratio and 1.0 for a 2:1 ratio.  The number of wells 

needed for the two ratios doesn’t differ enough for the well installation costs to become a 

major component of the installation and injection cost.  The design is still driven by costs for 

substrate and labor for injection.  Both of these costs are always going to be higher for a 2:1 

ratio since the volume (related to labor cost for injection) and mass (related to substrate 

costs) scaling factors are always greater than the 1:1 ratio for a given contact efficiency. 



 

 77 

5.4 Comparison of Installation and Injection Methods 
 
The design tool supports three installation and injection methods and a comparison was made 

to determine which method should be used under certain conditions.  The methods are: (1) 

injection through direct push rods, (2) well installation by direct push followed by emulsion 

injection, and (3) well installation by conventional drilling followed by emulsion injection.  

The last two methods have an inherent advantage over injection through direct push rods in 

that multiple wells can be injected simultaneously.  This significantly reduces the labor cost 

for injection and ultimately the design life NPV.  An additional advantage of these two 

methods is that permanent wells are often installed, reducing costs for future injection events 

to only 25% of the initial installation costs for well rehabilitation.  Injection through direct 

push rods uses temporary points that need to be repeated for future events.  The much lower 

cost of the points offsets this to some degree.  Only one point may be injected at a time, but 

injection times are substantially shorter than the other two methods.  Table 5.1 lists the key 

information used in the comparison.  In the table and subsequent figures: DPI = direct push 

injection, DP = well installation by direct push followed by emulsion injection, and CD = 

well installation by conventional drilling followed by emulsion injection. 

 
Table 5.1.  Information for the Installation and Injection Methods 

 
Installation Method Parameter DPI DP CD 

Total fixed cost ($) 1,300 9,970 9,970 
Dollars per injection point ($/point) 371 920 1,352 
Injection rate (gpm/well) 4 1 2 
Injection costs per day ($/day) 2,885 2,941 2,941 
Number of wells injected simultaneously 1 8 8 
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Wells installed by direct push or conventional drilling have been used under a wide variety of 

site conditions, but direct push injection is only favorable in certain situations.  For the 

comparison, the base case was modified so that the hydraulic conductivity was 1 ft/day and 

the injection interval was very shallow at 5 to 15 below ground surface.  These were 

optimum conditions to make direct push injection cost competitive with the other methods.  

The success of direct push injection hinges on the number of gallons that can be injected per 

foot of injection interval.  For the comparison this number was varied from 1 to 20 gallons 

per foot.  Results for the barrier and area treatments are shown in Figures 5.11 and 5.12. 

 

Barrier Treatment

400,000

500,000

600,000

700,000

800,000

0.0 0.2 0.4 0.6 0.8 1.0
SFV

N
PV

 ($
)

DPI - 1
DPI - 5
DPI - 10
DPI - 15
DPI - 20
DP
CD

 
 
Figure 5.11.  Comparison of the three installation and injection methods for a barrier while 
varying the volume scaling factor. 
 
 
When injecting small volumes (low values of SFV) direct push injection is more cost 

effective provided that at least 5 gallons can be injected per foot of the injection interval.  If 

15 or 20 gallons can be injected per foot, then direct push injection is favorable for a larger 

range of injection volumes.  At volume scaling factors greater than 0.8, injection through 

direct push rods is no longer the most cost effective option.  The NPV for well installation by 
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direct push and conventional drilling does not increase much as the volume scaling factor is 

increased.  This is due to the constraint that only one set of wells is injected per day even 

though it may be possible to get multiple sets done in a day.  Direct push injection can be 

cost competitive for a barrier provided that small injection volumes are needed and that at 

least 5 to 10 gallons can be injected per foot.  If direct push injection is pursued then pilot 

testing should be conducted before full-scale implementation to determine how many gallons 

can be injected per foot. 
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Figure 5.12.  Comparison of the three installation and injection methods for an area 
treatment while varying the volume scaling factor. 
 
 
For area treatment direct push injection is always more expensive regardless of how many 

gallons are injected per foot of injection interval.  The methods are comparable at low 

injection volumes, but direct push injection is still more expensive.  As the volume scaling 

factor is increased the well spacing for direct push injection becomes very small (1 to 3 ft).  

Even though direct push injection has a low injection cost per point, the large number of 

points needed to inject the required amount of fluid becomes cost prohibitive.  Another 
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simulation (Figure 5.13) was run using a reinjection interval of 10 years to see if that would 

make direct push injection more favorable. 
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Figure 5.13.  Comparison of the three installation and injection methods for an area 
treatment using a 10 year reinjection interval. 
 
 
Using a longer reinjection interval closed the gap between direct push injection and the other 

two methods by approximately 50% for all volume scaling factors.  However, the cost 

savings were not significant enough to make direct push injection favorable.   

 
In conclusion, direct push injection can be cost competitive given certain site conditions such 

as a shallow plume and a low hydraulic conductivity.  In most circumstances, the advantage 

of injecting multiple wells in addition to lower well installation costs for future injections 

makes well installation by direct push or conventional drilling the more feasible installation 

and injection method. 
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5.5 Comparison of Different Scenarios 
 
5.5.1 Description of Scenarios 
 
The base case outlined in section 5.2 was modified to evaluate the effect of varying site 

conditions on design life NPV.  The scenarios are summarized below including variations 

from base case conditions.  The base case barrier was 400 feet wide and the source area 

treatment was 50 feet by 50 feet.  Unless indicated otherwise, wells were installed by direct 

push followed by emulsion injection with 6 wells being installed per day.   

 
Scenario 1: Low TCE Concentration 
 TCE concentration  400 µg/L 
 
Scenario 2: High TCE Concentration 
 TCE concentration  10,000 µg/L 
 
Scenario 3: Low GW Velocity 
 Hydraulic conductivity 0.565 ft/day 
 Seepage velocity   3.3 ft/yr 
 Injection rate   1.0 gpm/well 
 
Scenario 4: High GW Velocity 
 Hydraulic conductivity 11.3 ft/day 
 Seepage velocity  66 ft/yr 
 Injection rate   4.0 gpm/well 
 
Scenario 5: Deep GW 
 Depth to water   100 ft bgs 
 Conventional drilling used 
 Wells installed per day 0.5 wells 
 Injection rate   7.0 gpm/well 
 
Scenario 6: Thin Interval 
 Saturated thickness  10 ft 
 Wells installed per day 10 wells 
 Injection rate   1.5 gpm/well 
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Scenario 7: Thick Interval 
 Saturated thickness  50 ft 
 Conventional drilling used 
 Wells installed per day 1 well 
 Injection rate   4.0 gpm 
 
Scenario 8a: Narrow Plume (Barrier Treatment Only) 
 Width of plume  100 ft  
 
Scenario 8b: Small Source (Area Treatment Only) 
 Source dimensions  10 ft by 10 ft 
 
Scenario 9a: Wide Plume (Barrier Treatment Only) 
 Width of plume  800 ft 
 
Scenario 9b: Large Source (Area Treatment Only) 
 Source dimensions  100 ft by 100 ft 
 
Scenario 10: Low Sulfate 
 Sulfate concentration  10 mg/L 
 
Scenario 11: High Sulfate 
 Sulfate concentration  500 mg/L 
 
 
5.5.2 Barrier Treatment Results 
 
Total costs for barrier installation and monitoring were divided by the cross-sectional area of 

the barrier (width x saturated thickness) so that the different scenarios could be compared.  

Capital and NPV values are shown in Figure 5.14. 
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Figure 5.14.  Comparison of the barrier treatment scenarios based on barrier square footage. 
 
 
The cost per square foot of barrier was the highest for a thin saturated interval and a narrow 

plume since these are the two scenarios with the least amount of barrier square footage.  

Conversely, a wide plume and a thick saturated interval had the lowest cost due to the large 

square footages.  A deep plume was expensive to treat since conventional drilling was 

required even though a higher injection rate is possible.  A high groundwater velocity 

required more emulsified oil to be injected to ensure that the desired contact time was 

attained.  Sulfate had a bigger impact on cost than TCE concentrations.  The amount of 

emulsified oil needed increases as the sulfate concentration increases because high sulfate 

concentrations require greater contact time and result in more rapid depletion of the oil.  As 

in section 5.2.2 contact efficiency, maximum oil retention, contact time, and substrate scaling 

factor were varied.  The results are presented in Figures 5.15 through 5.18.   
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Figure 5.15.  Comparison of the barrier treatment scenarios with respect to contact 
efficiency. 
 
 
The results for low TCE, high TCE, low groundwater velocity, thick saturated interval, and 

low sulfate were not plotted since they were very similar to the base case.  As expected, 

higher contact efficiencies require more oil and water to be injected which raises the cost.  

Only the high sulfate scenario wasn’t greatly influenced by contact efficiency since the 

amount of emulsion required is dependent on the amount of electron acceptors present. 
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Figure 5.16.  Comparison of the barrier treatment scenarios with respect to maximum oil 
retention. 
 
 
The results for low TCE, high TCE, low groundwater velocity, thick saturated interval, and 

low sulfate were not plotted since they were very similar to the base case.  In most cases an 

oil retention of 0.001 lbs oil/lbs soil has a higher cost than a value of 0.003 because more oil 

needs to be reinjected to get the desired spread away from the injection point.  A deep plume 

doesn’t follow this trend since the cost for well installation is more significant than the cost 

of substrate. 
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Figure 5.17.  Comparison of the barrier treatment scenarios with respect to contact time. 
 
 
As with contact efficiency and maximum oil retention, the results for low TCE, high TCE, 

low groundwater velocity, thick saturated interval, and low sulfate were not plotted since 

they were very similar to the base case.  Groundwater velocity is the most susceptible to 

changes in contact time.  Low groundwater velocities are not affected as the slow moving 

water makes it easy to attain the desired contact time without injecting more substrate.  On 

the other hand more substrate is needed to attain the necessary contact time when velocities 

are greater.  This is especially evident at contact times greater than 60 days. 
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Figure 5.18.  Comparison of the barrier treatment scenarios with respect to substrate scaling 
factor. 
 
 
The following scenarios were similar to the base case and were not plotted: low TCE, high 

TCE, deep plume, thick saturated interval, wide plume, and low sulfate.  Low substrate 

scaling factors dramatically increased the cost since the reinjection frequency was reduced.  

The high sulfate scenario was influenced the most as the reinjection frequency was 3 years 

for a substrate scaling factor of 0.1 and 9 years when the scaling factor increased to 1.  This 

scenario was the only one not to reach the maximum reinjection frequency of 10 years due to 

the higher electron equivalent demand.  The low groundwater velocity scenario had a 

constant cost as the reinjection frequency was always greater than the maximum value of 10 

years.  The low velocity ensured that there was plenty of time for the contaminated 

groundwater to interact with the substrate. 

 
5.5.3 Area Treatment Results 
 
Total costs for areal treatment were divided by the volume of the treatment zone (width x 

length x saturated thickness) so that the different scenarios could be compared.  Capital and 
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NPV values are shown in Figure 5.19.  Costs per cubic foot for the small treatment area were 

much higher than other scenarios because of the high fixed costs.  The actual values for the 

small treatment scenario are $36/ft3 for capital and $144/ft3 for design life net present value. 
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Figure 5.19.  Comparison of the area treatment scenarios based on the volume of the 
treatment zone. 
 
 
Compared with the results of the barrier treatment, project costs are largely unaffected by 

changes in site conditions.  The main exception is the small treatment zone scenario due to 

the zone volume being 95% smaller than the majority of the scenarios.  The costs do not 

fluctuate as much since the amount of oil and water to inject are based on a fixed treatment 

zone and not a cylinder around each injection point as in the barrier treatment.  Results for 

varying contact efficiency, maximum oil retention, and reinjection interval are shown in 

Figures 5.20 through 5.22.  In each graph results for the following scenarios were not plotted 

since it was similar to the base case: low TCE, high TCE, high groundwater velocity, deep 

plume, low sulfate, and high sulfate.  In addition, data for the small treatment area scenario is 

plotted on the right axis since the values were much higher than the other scenarios. 
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Figure 5.20. Comparison of the area treatment scenarios with respect to contact efficiency. 
 
 
Increasing the contact efficiency raises the cost, but raising the contact efficiency from 40% 

to 75% only adds about $6/ft3 for each scenario.  For smaller treatment volumes it may be 

advantageous to spend a little extra money to get a much higher contact efficiency. 
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Figure 5.21. Comparison of the area treatment scenarios with respect to maximum oil 
retention. 
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Oil retention has a linear relationship with cost for each scenario since the oil retention 

directly relates to how much substrate needs to be injected.  The treatment volume 

determines the amount of substrate required and is a constant value, therefore it is 

independent of the number of wells within the treatment zone.  Higher oil retentions require 

more substrate to be injected in order to treat the site. 
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Figure 5.22. Comparison of the area treatment scenarios with respect to reinjection interval. 
 
 
The reinjection interval is a user-controlled value and should be based on site conditions, 

personal experience, and information from other successful area treatment implementations.  

Any reduction in the reinjection interval will significantly reduce the design cost regardless 

of site conditions.  Cost savings are especially high if the reinjection interval can be increased 

to around 5 years. 
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5.6 Summary 
 

• When designing a barrier treatment setting the volume scaling factor (SFV) 1.5 to 2 

times greater than the mass scaling factor (SFM) results in the lowest design life NPV.  

There isn’t a large difference in costs for an area treatment therefore the scaling 

factors should be set to equal values. 

 
• A well spacing to row spacing ratio of 1:1 (uniform grid) has a lower cost for the 

same contact efficiency as a ratio of 2:1.  A ratio of 2:1 may be applicable when a 

high contact efficiency is not necessary, maximum oil retention is low, and well 

installation costs are very high. 

 
• Well installation by direct push or conventional drilling is usually a more cost-

effective option than injection through direct push rods.  This is because multiple 

wells can be injected at a time and permanent wells only require minor rehabilitation 

before future injections can occur.  Injection through direct push rods is cost 

competitive when at least 5 to 10 gallons can be injected per foot of injection interval 

and the site has a low hydraulic conductivity and shallow plume.   

 
• Anaerobic bioremediation using emulsified oils can be applied to a wide range of site 

conditions.  Costs of barrier treatments are most influenced by the groundwater 

velocity, width of plume, depth to the plume, and the amount of sulfate present.  Area 

treatment costs tend to vary most with saturated thickness and the size of the area 

being treated. 
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APPENDIX I 
BARRIER TUTORIAL 

 
 
A1.1 Objective 
 
Upon completion of this tutorial, the user will have a good understanding of how to design a 
single emulsified oil barrier to control plume migration.  The tutorial will cover what 
information needs to be entered along with how to select a design by looking at a case study. 
 
A1.2 Case Study 
 
The site used throughout the tutorial is a facility located in eastern Maryland and 
manufactures fireworks, munitions, and pesticides.  The water table aquifer is comprised of 
silty sand and gravel and extends to a depth of 15 ft below ground surface (BGS) where a 
clay confining layer is encountered.  The water table is located between 3 and 10 ft BGS.  
The site is contaminated with trichloroethene (TCE), 1,1,1-trichloroethane (TCA), and 
perchlorate (ClO4).  Concentrations of TCA are shown in Figure A1.1.  The contaminants 
were released from a small impoundment that was closed in the late 1980’s.  For the next 15 
years the groundwater was treated through a pump and treat system that removed significant 
amounts of TCE and TCA, but ClO4 levels were unaffected. 
 
The tutorial will go through the design of a 400 ft long barrier as located in Figure A1.1.  
The barrier is located along a road where there are minimal obstructions and will prevent the 
plume from entering the stream. 
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Figure A1.1.  Map of the Maryland site showing plume of elevated TCA (µg/L) in red and 
location of the proposed barrier in blue. 
 
A1.3 Getting Started 
 
Open up the Emulsified Oil Design Tool.  The opening page gives a brief introduction as 
well as buttons that take you to the different pages.  There are four sections in the design tool 
as shown in Figure A1.2. 
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Figure A1.2  Introduction page of the design tool. 
 
In order for the design tool to work all required information must be entered within the Site 
Data section and at least one of the Installation and Injection methods must be completed.  
This tutorial goes through designing a barrier, but designing an area treatment follows a 
similar procedure. 
 
1. Click on Aquifer Description within the Site Data section to get started. 
 
A1.4 Site Data 
 
Cells that need to be filled in are white and outlined in red.  All user input cells within this 
section must be filled in for the design tool to work properly. 
 
A1.4.1 Aquifer Description 
  
 A1.4.1.1  Site Information 

1. Enter Pilot Test Site for the Name. 
2. Enter Case Study as the Description. 
3. For Location enter Maryland. 
 
A1.4.1.2  Hydraulic Characteristics 
1. Enter 6 ft for the Depth to water table. 
2. Enter 6 ft for the Depth to top of injection zone. 
3. Enter 15 ft for the Depth to bottom of injection zone. 
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4. Enter 0.002 ft/ft for the Hydraulic Gradient. 
5. Enter 20 ft/day for the Hydraulic Conductivity. 
6. Enter 0.25 for the Estimated Total Porosity. 
7. Enter 0.18 for the Estimated Effective Porosity. 
8. The Seepage Velocity should be 0.22 ft/day. 
 
A1.4.1.3  Soil Characteristics 
1. For the Description of Soil Lithology enter silty sand and gravel. 
2. Enter 115 lb/ft3 for the Bulk Density. 
3. Enter 0.002 lbs oil/lbs soil for the Maximum Oil Retention. 
4. Click on the button Go Forward to Next Page (Contaminant Concentrations) to  

icontinue.  
  
A1.4.2 Contaminant Concentrations 
 
Using average concentrations for the site contaminants: 
1. Enter 90 µg/L for Trichloroethene (TCE). 
2. Enter 5,000 µg/L for 1,1,1-Trichloroethane (TCA). 
3. Enter 8,600 µg/L for Perchlorate (ClO4). 
4. Leave all other contaminant concentrations blank. 
5. The e- equiv demand from contaminant concentrations should be 9.21E-04 e- equiv/L. 
6. Click on the button Go Forward to Next Page (Biogeochemical Characterization) to          

icontinue. 
 

A1.4.3 Biogeochemical Characterization 
 
Using average values for background electron acceptors: 
1. Enter 2.7 mg/L for Background Dissolved Oxygen. 
2. Enter 9.5 mg/L for Background Nitrate. 
3. Enter 28 mg/L for Background Sulfate. 
4. Enter 5 mg/L for Estimated methane produced. 
5. Leave Soil Manganese Content blank. 
6. Enter 2.0 mg/L for Estimated Mn2+ produced. 
7. Leave Soil Iron Content blank. 
8. Enter 10 mg/L for Estimated Fe2+ produced. 
9. Enter 5.9 for the pH. 
10. Leave Alkalinity blank. 
11. The e- equiv demand from biogeochemical characterization should be 8.81E-03 e- 

equiv/L. 
12. The Total e- equiv demand should be 9.73E-03 e- equiv/L. 
13. Click on the button Go Forward to Next Page (Substrates and Reagents) to continue. 
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A1.4.4 Substrates and Reagents 
 
1. For the Brand and Product ID enter EOS 600. 
2. Enter C56H100O6 for the Chemical Formula. 
3. Enter 60% for the % vegetable oil. 
4. The Electron equivalents per Kg raw product should be 217.75 e-/Kg. 
5. For the Cost per pound of product including shipping enter 2.00 $/lb. 
6. The Cost per pound of oil should be 3.33 $/lb. 
7. Save design. 
8. Click on the button Go Forward to Next Page (Injection through Direct Push Rods) to -
__continue. 

 
A1.5 Installation and Injection 
 
As stated previously only one of the three methods needs to be filled out, but we will look at 
each method in this tutorial. 
 
A1.5.1 Injection through Direct Push Rods 
  
 A1.5.1.1  Injection Information 
 1. For the Length of injection screen enter 1.5 ft. 

2. Enter 20 psi for the Injection pressure. 
3. Enter 4 gpm for the Injection rate to be used in Design. 
4. Enter 10 gal/ft for the Gallons injected per foot of injection interval. 
 
A1.5.1.2  Fixed Costs 
1. Enter $0 for the Prime contractor mobilization. 
2. Enter $500 for the Subcontractor mobilization. 
3. Enter $100 for Water Supply. 
4. Enter $500 for Piping and other equipment. 
5. For the Time required for equipment setup and removal enter 5 person-hr. 
6. Enter 75 $/hr for the Average labor rate for equipment setup and removal. 
7. The Total fixed cost should be $1,475. 
 
A1.5.1.3  Prime Contractor Information and Daily Costs 
1. Enter 1 persons for the Prime contractor personnel on-site each day of injection. 
2. Enter 75 $/hr for the Average labor rate of prime contractor personnel. 
3. For the Hours billed per person per day enter 10 hr/person/day. 
4. Enter 60 $/person/day for Per Diem. 
5. Enter 30 $/day for Vehicle rental. 
6. Enter 70 $/person/day for Lodging. 
7. Enter 100 $/day for Additional costs. 
8. Enter 75 $/day for Injection equipment costs. 
9. The Total daily cost for prime contractor should be 1,085 $/day. 
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A1.5.1.4  Subcontractor Information and Daily Costs 
1. Enter Geoprobe 6600 for the Drilling Equipment to be used. 
2. Enter 1,800 $/day for the Daily cost for DPT equipment and operator. 
3. For the Productive working time per day enter 9 hr. 
4. For the Rig time to complete one boring enter 1.0 hr/boring. 
5. Enter 50 $/boring for Additional material and IDW costs per boring. 
6. The Total cost per boring (without fluid injection) should be 371 $/boring. 
 
A1.5.1.5  Costs for Injection using DPT Equipment 
1. The Injection costs per day should be 2,885 $/day. 
2. Click on the button Go Forward to Next Page (Well Installation by Direct Push) 

ito continue. 
 

A1.5.2 DPT Well Installation followed by Manifolded Emulsion Injection 
 
A1.5.2.1  Well Information 

 1. For the Well Screen Diameter enter 1 in. 
2. For the Effective Diameter of Sand Pack enter 1.5 in. 
 
A1.5.2.2  Well Installation Costs for Direct Push Installation 
1. For the Drilling Equipment to be used enter Geoprobe 6600. 
2. Enter 3,190 $/day for the Daily cost for DPT equipment and operator. 
3. Enter 6 wells/day for Wells installed per day. 
4. Enter 300 $/well for Additional material and IDW costs per well. 
5. Enter $0 for Subcontractor mobilization. 
6. Enter 2 for the Number of supervising personnel on-site each day. 
7. Enter 85 $/hr for the Average labor rate of personnel. 
8. For the Supervision Hours billed per person per day enter 9 hr/person/day. 
9. Enter 200 $/day for Additional costs. 
10. The Total cost per well should be 1,120 $/well.  This value will increase to 1,157 

$/well as additional Injection Costs are entered in Section 5.2.5. 
 
A1.5.2.3  Injection Information 
1. Enter 5 psi for the Injection pressure. 
2. For the Well loss coefficient enter 5. 
3. The Theoretical estimate of injection rate per well should be 3.9 gpm/well. 
4. Enter 1.5 gpm/well for the Injection rate to be used in Design. 

 
A1.5.2.4  Fixed Costs 
1. Enter $2,500 for Mobilization. 
2. Enter $0 for Water Supply. 
3. Enter $1,000 for Piping and other equipment. 
4. For the Time required for equipment setup and removal enter 45 hr. 
5. Enter 100 $/hr for the Average labor rate for equipment setup and removal. 
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6. The Total fixed cost should be $8,000. 
 
A1.5.2.5  Injection Costs 
1. Enter 2 persons for the Number of personnel on-site each day of injection. 
2. Enter 85 $/hr for the Average labor rate of personnel. 
3. For the Hours billed per person per day enter 9 hr/person/day. 
4. Enter 40 $/person/day for Per Diem. 
5. Enter 0 $/day for Vehicle rental. 
6. Enter 70 $/person/day for Lodging. 
7. Enter 750 $/day for Injection equipment costs. 
8. Enter 100 $/day for Additional costs. 
9. The Injection costs per day should be 2,600 $/day. 
10. Click on the button Go Forward to Next Page (Well Installation by Conventional 

IiDrilling) to continue. 
 

A1.5.3 Well Installation by Conventional Drilling followed by Emulsion Injection 
 
A1.5.3.1  Well Information 

 1. For the Well Screen Diameter enter 2.0 in. 
2. For the Effective Diameter of Sand Pack enter 2.5 in. 
 
A1.5.3.2  Well Installation Costs for Conventional Drilling 
1. For the Drilling Equipment to be used enter Hollow Stem Auger. 
2. Enter 30 $/ft for the Cost for well installation. 
3. Enter 3 wells/day for Wells installed per day. 
4. Enter 250 $/well for Additional material and IDW costs per well. 
5. Enter $0 for Subcontractor mobilization. 
6. Enter 2 for the Number of supervising personnel on-site each day. 
7. Enter 85 $/hr for the Average labor rate of personnel. 
8. For the Supervision Hours billed per person per day enter 9 hr/person/day. 
9. Enter 200 $/day for Additional costs. 
10. The Total cost per well should be 1,277 $/well.  This value will increase to 1,350 

$/well as additional Injection Costs are entered in Section 5.3.5. 
 
A1.5.3.3  Injection Information 
1. Enter 10 psi for the Injection pressure. 
2. For the Well loss coefficient enter 5. 
3. The Theoretical estimate of injection rate per well should be 7.2 gpm/well. 
4. Enter 3.0 gpm/well for the Injection rate to be used in Design. 
 
A1.5.3.4  Fixed Costs 
1. Enter $2,500 for Mobilization. 
2. Enter $0 for Water Supply. 
3. Enter $1,500 for Piping and other equipment. 
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4. For the Time required for equipment setup and removal enter 45 hr. 
5. Enter 100 $/hr for the Average labor rate for equipment setup and removal. 
6. The Total fixed cost should be $8,500. 
 
A1.5.3.5  Injection Costs 
1. Enter 2 persons for the Number of personnel on-site each day of injection. 
2. Enter 85 $/hr for the Average labor rate of personnel. 
3. For the Hours billed per person per day enter 9 hr/person/day. 
4. Enter 40 $/person/day for Per Diem. 
5. Enter 0 $/day for Vehicle rental. 
6. Enter 70 $/person/day for Lodging. 
7. Enter 1,000 $/day for Injection equipment costs. 
8. Enter 100 $/day for Additional costs. 
9. The Injection costs per day should be 2,850 $/day. 

 10. Click on the button Go Forward to Next Page (Summary of Installation and 
iiiiIInjection Costs) to continue. 
 

A1.5.4 Summary of Installation and Injection Costs 
 

1. Look at Figure A1.3 which shows a summary of the three methods. 
 

 
 
Figure A1.3  Summary of the different methods that shows which items are used in the 
design. 

 
2. Click on the radio button Select this method for Well Installation by Direct Push 
followed by Emulsion Injection as shown in Figure A1.3. 
3. Save design. 
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4. Click on the button Go Forward to Design a Barrier Treatment to continue. 
 

A1.6 Barrier Treatment 
 
The objective of this tutorial is to design a 400 ft long barrier to stop the plume from 
migrating further downgradient.  An area treatment to treat the source follows similar steps 
as outlined below. 
 
A1.6.1 Design Information 
  
 A1.6.1.1  Treatment Zone Dimensions 
 1. Enter 400 ft for the Width (perpendicular to groundwater flow). 
 2. Enter 80% for the Percentage of injection zone that transmits most flow. 
 
 A1.6.1.2  Treatment Zone Contact Time 
 1. Enter 60 days for the Minimum Allowable Contact time. 
 
 A1.6.1.3  Targeted Carbon Released 
 1. Enter 75 mg/L for the Average Amount of DOC Released. 
 2. The DOC Released per year should be 197 lb. 
  

A1.6.1.4  Design Life 
 1. Enter 25 years for the Total Project Life (Max of 30 years). 

2. Enter 0.5 for the Substrate Scaling Factor. 
3. Enter 7 years for the Maximum Time between Reinjections. 
 
A1.6.1.5  Contact Efficiency 
1. Enter 0.8 for the Volume Scaling Factor. 
2. Enter 0.6 for the Mass Scaling Factor. 
3. The Estimated Contact Efficiency for Injection should be 71% to 85%. 
4. Click on the button Go Forward to Next Page (Capital Cost Analysis) to continue. 
  

A1.6.2  Capital Cost Analysis 
 
A1.6.2.1  Well Layout 
1. Enter 5 ft for the Minimum Well Spacing. 
2. Enter 5 ft for the Incremental Increase in Well Spacing. 
 
A1.6.2.2  Fixed Costs 
1. Enter $15,000 for Planning, Engineering, and Permitting. 
 
A1.6.2.3  Injection Information 
1. Enter 9 hrs for the Hours of injection per day. 
2. Enter 10 wells for the Maximum number of wells to inject at one time. 
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3. Enter 50% for the Percentage of total wells to inject at one time. 
 
A1.6.2.4  Total Installation and Injection Costs 
1. The Total Installation and Injection Costs for a Well Spacing of 5 ft should be 

I$378,607. 
2. See if graph of Well Spacing vs Capital Cost matches Figure A1.4. 
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Figure A1.4  Graph of Well Spacing vs Capital Costs 
 

3. Click on the button Go Forward to Next Page (Life Cycle Analysis) to continue. 
 

A1.6.3 Life Cycle Analysis 
 
A1.6.3.1  Life Cycle Analysis 
1. Enter 4% for the Annual Interest Rate. 
2. Enter $5,000 per future event for Planning, Engineering, and Permitting Costs. 
3. Enter $7,500 per year for Annual Monitoring and Reporting Costs. 
4. Enter 20% for Well Rehabilitation and/or Installation Cost (% of Initial Drilling). 
 
A1.6.3.2  Net Present Value for Design Life 
1. The Project Life NPV for a Well Spacing of 5 ft should be $832,590. 
2. See if graph of Well Spacing vs NPV matches Figure A1.5. 
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Design Life NPV
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Figure A1.5 Graph of Well Spacing vs Design Life Net Present Value. 
 
3. From looking at Figures A1.4 and A1.5 click on the radio button Select a Design 
IIIcorresponding to a well spacing of 20 ft. 
4. Click on the button Go Forward to Next Page (Net Present Value) to continue. 
 

A1.6.4 Net Present Value for Selected Design 
 

1. The Total Cost should be $310,126. 
2. Check to see if the net present value graphs match Figure A1.6 (a) and (b). 
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(a) 

Annual Costs for Different Components
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(b) 

Cumulative Net Present Value
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Figure A1.6  Graph of a breakdown of the costs per year (a) and Cumulative NPV over the 
design life (b). 

 
3. Click on the button Go Forward to Next Page (Summary of Selected Design) to continue. 

 
A1.6.5 Selected Design 

 
This page summarizes the selected design that has a well spacing of 20 ft. 
1. Review the information on the page. 
2. Save design. 
3. Click on the button Print this Page. 
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A1.7 Conclusions 
 
This concludes the Emulsified Oil Design Tool – Barrier tutorial.  Some additional comments 
are listed below: 
 

• Different designs can be compared by selecting a different well spacing on the Life 
Cycle Analysis page and then printing the summary on the Selected Design page. 

 
• Some of the main variables that directly affect the design are found on the Design 

Information page.  They are: 
o Contact Time 
o Substrate Scaling Factor 
o Volume Scaling Factor 
o Mass Scaling Factor 

Another important parameter is the Maximum Oil Retention found on the Aquifer 
Description page. 
 

• To design an area treatment go to the Table of Contents and click on the button 
Design Information under the heading Area Treatment. 
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APPENDIX II 
DESIGN TOOL EQUATIONS 

 
 
Listed below are equations used in the design tool. 
 
SITE DATA 
 
Aquifer Description 
 
Hydraulic Characteristics 
dwt  depth to water table (ft) 
dt  depth to top of injection zone (ft) 
db  depth to bottom of injection zone (ft) 
dh/dl  hydraulic gradient (ft/ft) 
k  hydraulic conductivity (ft/day) 
ne  estimated effective porosity 
vs  seepage velocity (ft/day) 
 

(1) 
e

s n
dl
dhk

v
∗

=  

 
Soil Characteristics 
ρb  bulk density (lbs/ft3) 
ORM  maximum oil retention by aquifer material (lbs oil/lbs soil) 
 
Contaminant Concentrations 
 
ci  contaminant concentration (µg/L) 
MWi  molecular weight of contaminant (g/mole) 
ei   electron equivalents per mole for contaminant (e- equiv/mole) 
e-

cont(i)  electron equivalent demand of contaminant (e- equiv/L) 
E-

cont  electron equivalent demand from all contaminant concentrations  
   (e- equiv/L)  
   

(2) econt(i)
− =

c i ∗e i

MWi ∗106  

(3) E cont
− = econt(i)

−

i=1

i

∑  
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Biogeochemical Characterization 
 

e.a.i  electron acceptor concentration (mg/L) 
MWi  molecular weight of electron acceptor (g/mole) 
ei   electron equivalents per mole for electron acceptor (e- equiv/mole) 
e-

accept(i) electron equivalent demand of electron acceptor (e- equiv/L) 
E-

accept  electron equivalent demand from biological characterization (e- equiv/L) 
E-

total  total electron equivalent demand (e- equiv/L) 
 

(4) eaccept(i)
− =

e.a.i ∗ e i

MWi ∗103  

(5) E accept
− = eaccept(i)

−

i=1

i

∑  

(6) E total
− = E cont

− + E accept
−  

  
Substrates and Reagents 
 
Substrate Used in Design 
MWs  molecular weight of substrate (g/mole) 
C   percent by weight carbon (%) 
H   percent by weight hydrogen (%) 
O   percent by weight oxygen (%) 
es   electrons released per mole of substrate (e-/mole) 
%oil  percent soybean oil (%) 
E-

s   electron equivalents per Kg raw product (e-/kg) 
$s   cost per pound raw product ($/lb) 
$oil   cost per pound of oil ($/lb) 
 

(7) es = 2 2∗ MWs ∗
C
12

 
 
 

 
 
 − MWs ∗

O
16

 
 
 

 
 
 

 

  
 

  + MWs ∗H( ) 

(8) E s
− =

es

MWs

∗ Oil∗1000 

(9) 
Oil

s
oil %

$$ =  

 
INSTALLATION AND INJECTION 
 
Injection through Direct Push Rods 
 
Injection Information 
Ls  length of injection screen (ft) 
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Int  number of injection intervals per horizontal location (depths) 
P  injection pressure (psi) 
Rate  injection rate to be used in design (gpm) 
DPIgal-ft gallons injected per foot of injection interval (gal/ft) 
IVpt  total gallons injected per point (gal) 
 

(10) Int =
db − dt( )

L s

 

 
 

 

 
  

(11) ( )tbftgalpt ddDPIIV −∗= −  
 
Fixed Costs 
Mobprime prime contractor mobilization ($) 
Mobsub  subcontractor mobilization ($) 
WS  water supply ($)  
Piping  piping and other equipment for emulsion preparation and injection ($) 
timesetup time required for equipment setup and removal (person – hr) 
LRsetup  average labor rate for equipment setup and removal ($/hr) 
LCsetup  labor cost for setup and removal ($) 
$TFC  total fixed cost for installation and injection ($) 
 
(12) LCsetup = time setup ∗ LR setup  
(13) setupsubprimeTFC LCPipingWSMobMob$ ++++=  
 
Prime Contractor Information and Daily Costs 
PerPC  prime contractor personnel on-site each day of injection (person) 
LRPC  average labor rate of prime contractor personnel ($/hr) 
Hr  hours billed per person per day (hr/person/day) 
PD  per diem ($/person/day) 
Veh  vehicle rental ($/day) 
Lodg  lodging ($/person/day) 
AC  additional costs ($/day) 
Eqinject  injection equipment costs ($/day) 
Oth  other daily costs input by user ($/day) 
DCPC  total daily cost for prime contractor ($/day) 
 
(14) DCPC = Hr ∗ LRPC ∗PerPC( )+ Veh + AC + Eqinject + Oth + PD∗PerPC( )+ Lodg∗ PerPC( ) 
 
Subcontractor Information and Daily Costs 
DCDPT  daily cost for DPT equipment and operator ($/day) 
WT  productive working time per day (hr) 
RT  rig time to complete one boring (hr/boring) 
DPcost  direct-push borings costs for DPT equipment and operator ($/boring) 
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IDW  additional material and IDW costs per boring ($/boring) 
TCinstall  total cost per boring ($/boring) 
 

(15) DPcost = DCDPT + DCPC( )∗
RT
WT

 
 
 

 
 
  

(16) IDWDPTC costinstall +=  
 
Costs for Injection using DPT Equipment 
ICday  injection costs per day ($/day) 
 
(17) ICday = DCDPT + DCPC  
 
DPT Well Installation followed by Manifolded Emulsion Injection 
 
Well Information 
Deff  effective diameter of sand pack (in) 
 
Well Installation Costs for Direct Push Installation 
DCDPT  daily cost for DPT equipment and operator ($/day) 
Wells  wells installed per day (wells/day) 
DPcost  direct-push well installation costs for DPT equip and operator ($/well) 
IDW  additional material and IDW costs per boring ($/well) 
Mobsub  subcontractor mobilization ($) 
Perinstall  number of supervising personnel on-site each day (person) 
LRinstall  average labor rate of personnel ($/hr) 
Hrinstall  supervision hours billed per person per day (hr/person/day) 
ACinstall additional costs ($/day) 
TCinstall  total cost per well ($/well) 
 

(18) 
Wells
DCDP DPT

cost =  

(19) 
( )







 +++

+



 +

+

+






 ∗∗
++=

Wells
OthOthOthVeh

Wells
LodgPDPer

Wells
AC

Wells
HrLRPer

IDWDPTC

321install

installinstallinstallinstall
costinstall

 

        Note: PD, Lodg, Veh, Oth1, Oth2, and Oth3 are defined below in Injection Costs. 
 
Injection Information 
Wellsimult number of wells to inject simultaneously (wells) 
P  injection pressure (psi) 
Wellloss  well loss coefficient 
Ratetheo  theoretical estimate of injection rate per well (gpm/well) 
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Rate  injection rate to be used in design (gpm/well)     
 

(20) 

( )

loss

wt

eff

tb

tb

theo Well

d144
62.4

P
1440

7.4805

12
D

dd
LN1

ddkπ2

Rate







 +∗∗∗


















−

+

−∗∗

=  

 
Fixed Costs 
Mob  mobilization ($) 
WS  water supply ($)  
Piping  piping and other equipment for emulsion preparation and injection ($) 
timesetup time required for equipment setup and removal (hr) 
LRsetup  average labor rate for equipment setup and removal ($/hr) 
LCsetup  labor cost for setup and removal ($) 
$TFC  total fixed cost for installation and injection ($) 
 
(21) LCsetup = time setup ∗ LR setup  
(22) setupsub LCPipingWSMobMob$ ++++=TFC  
 
Injection Costs 
Perinject  number of personnel on-site each day of injection (person) 
LRinject  average labor rate of personnel ($/hr) 
Hrinject  hours billed per person per day (hr/person/day) 
PD  per diem ($/person/day) 
Veh  vehicle rental ($/day) 
Lodg  lodging ($/person/day) 
Eqinject  injection equipment costs ($/day) 
ACinject  additional costs ($/day) 
Oth1  other daily costs input by user ($/day) 
Oth2  other daily costs input by user ($/day) 
Oth3  other daily costs input by user ($/day) 
ICday  injection costs per day ($/day) 
 

(23) 
( ) ( )

( )inject321inject

injectPCinjectinjectinjectday

PerLodgOthOthOthAC
EqVehPerPDHrLRPerIC

∗+++++

++∗+∗∗=
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Well Installation by Conventional Drilling followed by Emulsion Injection 
 
Well Information 
Deff  effective diameter of sand pack (in) 
 
Well Installation Costs for Conventional Drilling 
Costinstall cost for well installation ($/ft) 
DWcost  drilling well installation costs ($/well) 
Wells  wells installed per day (wells/day) 
IDW  additional material and IDW costs per boring ($/well) 
Mobsub  subcontractor mobilization ($) 
Perinstall  number of supervising personnel on-site each day (person) 
LRinstall  average labor rate of personnel ($/hr) 
Hrinstall  supervision hours billed per person per day (hr/person/day) 
ACinstall additional costs ($/day) 
TCinstall  total cost per well ($/well) 
 
(24) binstallcost dCostDW ∗=  

(25) 
( )







 +++

+



 +

+

+






 ∗∗
++=

Wells
OthOthOthVeh

Wells
LodgPDPer

Wells
AC

Wells
HrLRPer

IDWDWTC

321install

installinstallinstallinstall
costinstall

 

        Note: PD, Lodg, Veh, Oth1, Oth2, and Oth3 are defined below in Injection Costs. 
 
Injection Information 
Wellsimult number of wells to inject simultaneously (wells) 
P  injection pressure (psi) 
Wellloss  well loss coefficient 
Ratetheo  theoretical estimate of injection rate per well (gpm/well) 
Rate  injection rate to be used in design (gpm/well) 
     
 

(26) 

( )

loss

wt

eff

tb

tb

theo Well

d144
62.4

P
1440

7.4805

12
D

dd
LN1

ddkπ2

Rate







 +∗∗∗


















−

+

−∗∗

=  

 
Fixed Costs 
Mob  mobilization ($) 
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WS  water supply ($)  
Piping  piping and other equipment for emulsion preparation and injection ($) 
timesetup time required for equipment setup and removal (hr) 
LRsetup  average labor rate for equipment setup and removal ($/hr) 
LCsetup  labor cost for setup and removal ($) 
$TFC  total fixed cost for installation and injection ($) 
 
(27) LCsetup = time setup ∗ LR setup  
(28) setupsub LCPipingWSMobMob$ ++++=TFC  
 
Injection Costs 
Perinject  number of personnel on-site each day of injection (person) 
LRinject  average labor rate of personnel ($/hr) 
Hrinject  hours billed per person per day (hr/person/day) 
PD  per diem ($/person/day) 
Veh  vehicle rental ($/day) 
Lodg  lodging ($/person/day) 
Eqinject  injection equipment costs ($/day) 
ACinject  additional costs ($/day) 
Oth1  other daily costs input by user ($/day) 
Oth2  other daily costs input by user ($/day) 
Oth3  other daily costs input by user ($/day) 
ICday  injection costs per day ($/day) 
 

(29) 
( ) ( )

( )inject321inject

injectPCinjectinjectinjectday

PerLodgOthOthOthAC
EqVehPerPDHrLRPerIC

∗+++++

++∗+∗∗=
 

 
Summary of Installation and Injection Costs 
 
For each method: 
$TFCinstall total fixed cost for installation and injection ($) 
TCinstall  dollars per injection point ($/boring or $/well) 
Rate  injection rate to be used in design (gpm/well) 
ICday  injection costs per day ($/day) 
 
BARRIER TREATMENT 
 
Design Information 
 
Treatment Zone Dimensions 
W  width (ft) 
Z  effective treatment zone thickness (ft) 
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Fl  percentage of injection zone that transmits most flow (%) 
Zeff  effective treatment zone thickness (ft) 
GWflux  groundwater flux through treatment zone (gal/yr) 
 
(30) tb ddZ −=  
(31) ZFlZ eff ∗=  
(32) GWflux = vs ∗W ∗ Teff ∗ne ∗ 7.48∗ 365 
 
Treatment Zone Contact Time 
CT  minimum allowable contact time (days) 
 
Targeted Carbon Released 
DOCavg average amount of DOC released (mg/L) 
DOCreleased DOC released per year (lb) 
 

(33) DOCreleased =
DOCavg ∗GWflux ∗ 8.34

1,000,000
 

 
Design Life 
PL  total project life (years) 
SFS  substrate scaling factor 
RImax  maximum time between reinjections (years) 
 
Contact Efficiency 
SFV  volume scaling factor 
SFM  mass scaling factor 
CE  estimated contact efficiency for injection (%) 
 

(34) 
( ) ( ) ( ) ( )

( ) 2
M

2
V

VV

)LN(SF5.07SFLN1.74-

SLNSFLN1.44SLN59.11SFLN45.814.88CE

∗−∗

∗∗+∗+∗+= MM FF
 

 
Capital Cost Analysis 
 
Well Layout 
SW  well spacing (ft) 
#wells-row number of wells per row (wells/row) 
#row  number of rows (rows) 
CTrow  contact time per row (days) 
#wells  total number of wells (wells) 
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(35) 
eeffV

pt
W

nZ
4
1SF

IV
S

∗∗∗∗
=

π
 (for injection through direct push rods only) 

(36) 
W

rowwells S
W

=−#  

(37) 
W

s
row S

CTv ∗
=#  

(38) 
row

row
CTCT
#

=  

(39) rowrowwellswells ### ∗= −  
 
Fixed Costs 
PEinitial  planning, engineering, and permitting ($) 
TFC  total fixed costs ($) 
 
(40) TFC$PETFC initial +=  
 
Well Installation 
WIC  well installation costs ($) 
 
(41) WIC = TCinstall∗#wells  
 
Injection Information 
Hrinj  hours of injection per day (hr/day) 
wellmax  maximum number of wells to inject at a time 
%well  percentage of wells to inject at a time 
wellinject actual number of wells injected at one time 
ReqWS  required water supply rate (gpm) 
 
(42) wellwellsinject %#well ∗=  
(43) RatewellReq injectws ∗=  
 
Injection Costs 
TIVwell  total injection volume per well (gal/well) 
TIV  total injection volume (gallons) 
Injecttime injection time per set of wells (days) 
Injecttotal-time total days of injection required (days) 
LCinject  labor cost for injection ($) 
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(44) 



 ∗∗∗∗= 7.48nZ

4
STIV eeff

2
well WV SF π  

(45) TIV = TIVwell∗#wells 
(46) timewell InjectRateTIV /60//Inject time =  

(47) time
inject

wells
timetotal Inject

well
Inject ∗=−

#
 

(48) timetotalday Inject −∗= ICLCinject  
 
Substrate 
Oilwell  mass of oil injected per well (lbs/well) 
Oiltotal  total mass of oil injected (lbs) 
Oildemand oil demand (lbs/yr) 
T  effect life of single injection (years) 
RI  reinjection interval (years) 
Substrate substrate costs ($) 
 

(49) eff
2
WMBMwell ZS

4
πORρSFOil ∗∗∗∗∗=  

(50) wellwellstotal Oil#Oil ∗=  

(51) fluxGWil ∗∗







∗

+= −

−

205.2
000,000,1C

DOC
E

E
O released

s

total
demand  

(52) 
demand

total

Oil
Oil

T =  

(53) SSFTRI ∗=  
(54) oil$Substrate ∗= totalOil  
 
Total Installation and Injection Costs 
TIIC  total installation and injection costs ($) 
 
(55) SubstrateLCWICTFCTIIC inject +++=  
 
AREA TREATMENT 
 
Design Information 
 
Treatment Zone Dimensions 
W  width (ft) 
L  length (ft) 
RBS  ratio of well spacing to row spacing (specify 1:1 or 2:1) 
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Z  effective treatment zone thickness (ft) 
Fl  percentage of injection zone that transmits most flow (%) 
Zeff  effective treatment zone thickness (ft) 
 
(56) tb ddZ −=  
(57) ZFlZ eff ∗=  
 
Design Life 
RI  reinjection interval (years) 
PL  total project life (years) 
 
Contact Efficiency 
SFV  volume scaling factor 
SFM  mass scaling factor 
CE  estimated contact efficiency for injection (%) 
 

(58) 

2
M

2

V

V

V

)8LN(SF77.78SFLN03.0

8SLN8SFLN86.3

8SLN77.218SFLN48.710.37CE

ππ

ππ

ππ

∗∗+





 ∗∗+







 ∗∗






 ∗∗+







 ∗∗+






 ∗∗+=

M

M

F

F

 (RBS=1:1) 

(59) 

2
M

2

V

V

V

)8LN(SF09.18SFLN37.0

8SLN8SFLN48.6

8SLN47.158SFLN23.501.31CE

ππ

ππ

ππ

∗∗−





 ∗∗−







 ∗∗






 ∗∗+







 ∗∗+






 ∗∗+=

M

M

F

F

 (RBS=2:1) 

 
Capital Cost Analysis 
 
Well Layout 
SW  well spacing (ft) 
#wells-row number of wells per row (wells/row) 
row  row spacing (ft) 
#row  number of rows (rows) 
#wells  total number of wells (wells) 
 
(60) 7.4805nZLWSFTIV eeffV ∗∗∗∗∗=   (for injection through direct push rods only) 
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(61) 
wells

well #
TIVTIV =   (for injection through direct push rods only) 

(62) 

pt

W

IV
TIV

LWS ∗
=  (for injection through direct push rods only) 

(63) 
W

rowwells S
W

=−#  

(64) WSRBSrow ∗=  

(65) 
row
L

row =#  

(66) rowrowwellswells ### ∗= −  
 
Fixed Costs 
PEinitial  planning, engineering, and permitting ($) 
TFC  total fixed costs ($) 
 
(67) TFC$PETFC initial +=  
 
Well Installation 
WIC  well installation costs ($) 
 
(68) WIC = TCinstall∗#wells  
 
Injection Information 
Hrinj  hours of injection per day (hr/day) 
wellmax  maximum number of wells to inject at a time 
%well  percentage of wells to inject at a time 
wellinject actual number of wells injected at one time 
ReqWS  required water supply rate (gpm) 
 
(69) wellwellsinject %#well ∗=  
(70) RatewellReq injectws ∗=  
 
Injection Costs 
TIVwell  total injection volume per well (gal/well) 
TIV  total injection volume (gallons) 
Injecttime injection time per set of wells (days) 
Injecttotal-time total days of injection required (days) 
LCinject  labor cost for injection ($) 
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(71) 
wells

eeffV
well #

n7.4805ZLWSFTIV ∗∗∗∗∗
=  

(72) TIV = TIVwell∗#wells 
(73) timewell InjectRateTIV /60//Inject time =  

(74) time
inject

wells
timetotal Inject

well
Inject ∗=−

#
 

(75) timetotalday Inject −∗= ICLCinject  
 
Substrate 
Oilwell  mass of oil injected per well (lbs/well) 
Oiltotal  total mass of oil injected (lbs) 
Substrate substrate costs ($) 
 

(76) 
wells

effMBM
well #

ZLWORρSF
Oil

∗∗∗∗∗
=  

(77) wellwellstotal Oil#Oil ∗=  
(78) oil$Substrate ∗= totalOil  
 
Total Installation and Injection Costs 
TIIC  total installation and injection costs ($) 
 
(79) SubstrateLCWICTFCTIIC inject +++=
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APPENDIX III 
INPUTS FOR SENSITIVITY ANALYSES 

 
 
Listed below are the inputs for the sensitivity analyses. 
 
Base Case 
 
Site Data – Aquifer Description 
 
Name = TCE Barrier 
Description = Base Case 
Location = Sensitivity Analysis 
Depth to water table = 10 ft 
Depth to top of injection zone = 10 ft 
Depth to bottom of injection zone = 40 ft 
Hydraulic gradient = 0.004 ft/ft 
Hydraulic conductivity = 5.65 ft/day 
Estimated total porosity = 0.25 
Estimated effective porosity = 0.25 
Description of aquifer material lithology = silty sand and gravel 
Bulk density = 100 lbs/ft3 
Maximum oil retention = 0.004 lbs oil/lbs soil 
 
Site Data – Contaminant Concentrations 
 
Trichloroethene (TCE) = 2,000 µg/L 
 
Site Data – Biogeochemical Characterization 
 
Background dissolved oxygen = 3 mg/L 
Background nitrate = 10 mg/L 
Background sulfate = 50 mg/L 
Estimated methane produced = 10 mg/L 
Estimated Mn2+ produced = 5 mg/L 
Estimated Fe2+ produced = 10 mg/L 
pH = 7 
 
Site Data – Substrates and Reagents 
 
Brand and product id = EOS 450 
Chemical formula = C56H100O6 
% vegetable oil = 50% 
Cost per pound of product including shipping = $2.62/lb 
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Installation and Injection – Injection Through Direct Push Rods 
 
Length of injection screen = 1.5 ft 
Injection pressure = 20 psi 
Injection rate to be used in design = 4 gpm 
Gallons injected per foot of injection interval = 7 gal/ft 
Prime contractor mobilization = $0 
Subcontractor mobilization = $500 
Water supply = $0 
Piping and other equipment = $500 
Time required for equipment setup and removal = 4 person – hr 
Labor rate for equipment setup and removal = $75/hr 
Prime contractor personnel on-site each day of injection = 1 person 
Average labor rate of prime contractor personnel = $75/hr 
Hours billed per person per day = 10 hr/person/day 
Per diem = $60/person/day 
Vehicle rental = $30/day 
Lodging = $70/person/day 
Additional costs = $100/day 
Injection equipment costs = $75/day 
Drilling equipment to be used = Geoprobe 6600 
Daily cost for DPT equipment and operator = $1,800/day 
Productive working time per day = 9 hr 
Rig time to complete one boring = 1 hr/boring 
Additional material and IDW costs per boring = $50/boring 
 
Installation and Injection – DPT Well Installation 
 
Well screen diameter = 1 in 
Effective diameter of sand pack = 1 in 
Drilling equipment to be used = Geoprobe 6600 
Daily cost for DPT equipment and operator = $3,190/day 
Wells installed per day = 6 wells/day 
Additional material and IDW costs per well = $400/well 
Subcontractor mobilization = $0 
Number of supervising personnel on-site each day = 2 persons 
Average labor rate of personnel = $87.09/hr 
Supervision hours billed per person per day = 9 hr/person/day 
Additional costs = $220/day 
Injection pressure = 15 psi 
Well loss coefficient = 5 
Injection rate to be used in design = 2 gpm/well 
Mobilization = $2,670 
Water supply = $0 
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Piping and other equipment = $1,000 
Time required for equipment setup and removal = 45 hr 
Labor rate for equipment setup and removal = $140/hr 
Number of personnel on-site each day of injection = 2 person 
Average labor rate of personnel = $88.13/hr 
Hours billed per person per day = 9 hr/person/day 
Per diem = $110/person/day 
Vehicle rental = $0/day 
Lodging = $0/person/day 
Injection equipment costs = $1,010/day 
Additional costs = $125/day 
 
Installation and Injection – Well Installation by Conventional Drilling 
 
Well screen diameter = 2 in 
Effective diameter of sand pack = 2.25 in 
Drilling equipment to be used = Hollow Stem Auger 
Cost for well installation = $30/ft 
Wells installed per day = 2 wells/day 
Additional material and IDW costs per well = $400/well 
Subcontractor mobilization = $0 
Number of supervising personnel on-site each day = 2 persons 
Average labor rate of personnel = $87.09/hr 
Supervision hours billed per person per day = 9 hr/person/day 
Additional costs = $220/day 
Injection pressure = 15 psi 
Well loss coefficient = 5 
Injection rate to be used in design = 3 gpm/well 
Mobilization = $2,670 
Water supply = $0 
Piping and other equipment = $1,000 
Time required for equipment setup and removal = 45 hr 
Labor rate for equipment setup and removal = $140/hr 
Number of personnel on-site each day of injection = 2 person 
Average labor rate of personnel = $88.13/hr 
Hours billed per person per day = 9 hr/person/day 
Per diem = $110/person/day 
Vehicle rental = $0/day 
Lodging = $0/person/day 
Injection equipment costs = $1,010/day 
Additional costs = $125/day 
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Installation and Injection – Installation and Injection Summary 
 
Injection through Direct Push Rods 
 Total fixed cost = $1,300 
 Dollars per injection point = $371/boring 
 Injection rate to be used in design = 4.0 gpm/well 
 Injection costs per day = $2,885/day 
Well Installation by Direct Push followed by Emulsion Injection 
 Total fixed cost = $9,970 
 Dollars per injection point = $1,266/well 
 Injection rate to be used in design = 2.0 gpm/well 
 Injection costs per day = $2,941/day 
Well Installation by Conventional Drilling followed by Emulsion Injection 
 Total fixed cost = $9,970 
 Dollars per injection point = $2,604/well 
 Injection rate to be used in design = 3.0 gpm/well 
 Injection costs per day = $2,941/day 
 
Barrier Treatment – Design Information 
 
Width = 400 ft 
Percentage of injection zone that transmits most flow = 100% 
Minimum allowable contact time = 60 days 
Average amount of DOC released = 70 mg/L 
Total project life  = 30 years 
Substrate scaling factor = 0.5 
Maximum time between reinjections = 10 years 
Volume scaling factor = 1.0 
Mass scaling factor = 1.0 
 
Barrier Treatment – Capital Cost Analysis 
 
Incremental increase in well spacing = 1 ft 
Planning, engineering, and permitting = $73,100 
Hours of injection per day = 9 hrs 
Maximum number of wells to inject at one time = 10 wells 
Percentage of total wells to inject at one time = 50% 
 
Barrier Treatment – Life Cycle Analysis 
 
Annual interest rate = 5% 
Planning, engineering, and permitting = $5,800 per future event 
Annual monitoring and reporting costs = $15,500 per year 
Well rehabilitation and/or installation cost (% of initial drilling) = 25% 
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Area Treatment – Design Information 
 
Width = 50 ft 
Length = 50 ft 
Row spacing to well spacing ratio = 1:1 
Percentage of injection zone that transmits most flow = 100% 
Reinjection interval = 5 years 
Total project life  = 30 years 
Volume scaling factor = 1.0 
Mass scaling factor = 1.0 
 
Area Treatment – Capital Cost Analysis 
 
Incremental increase in well spacing = 1 ft 
Planning, engineering, and permitting = $73,100 
Hours of injection per day = 9 hrs 
Maximum number of wells to inject at one time = 10 wells 
Percentage of total wells to inject at one time = 50% 
 
Area Treatment – Life Cycle Analysis 
 
Annual interest rate = 5% 
Planning, engineering, and permitting = $5,800 per future event 
Annual monitoring and reporting costs = $15,500 per year 
Well rehabilitation and/or installation cost (% of initial drilling) = 25% 
 
 
Comparison of Well Spacing to Row Spacing 
 
Site Data – Aquifer Description 
 
Name = TCE Barrier 
Description = Comparison of Well Spacing to Row Spacing 
Location = Sensitivity Analysis 
Depth to water table = 10 ft 
Depth to top of injection zone = 10 ft 
Depth to bottom of injection zone = 40 ft 
Hydraulic gradient = 0.004 ft/ft 
Hydraulic conductivity = 5.65 ft/day 
Estimated total porosity = 0.25 
Estimated effective porosity = 0.25 
Description of aquifer material lithology = silty sand and gravel 
Bulk density = 100 lbs/ft3 
Maximum oil retention = 0.001 lbs oil/lbs soil 
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Site Data – Contaminant Concentrations 
 
Trichloroethene (TCE) = 2,000 µg/L 
 
Site Data – Biogeochemical Characterization 
 
Background dissolved oxygen = 3 mg/L 
Background nitrate = 10 mg/L 
Background sulfate = 50 mg/L 
Estimated methane produced = 10 mg/L 
Estimated Mn2+ produced = 5 mg/L 
Estimated Fe2+ produced = 10 mg/L 
pH = 7 
 
Site Data – Substrates and Reagents 
 
Brand and product id = EOS 450 
Chemical formula = C56H100O6 
% vegetable oil = 50% 
Cost per pound of product including shipping = $2.62/lb 
 
Installation and Injection – Injection Through Direct Push Rods 
 
Length of injection screen = 1.5 ft 
Injection pressure = 20 psi 
Injection rate to be used in design = 4 gpm 
Gallons injected per foot of injection interval = 7 gal/ft 
Prime contractor mobilization = $0 
Subcontractor mobilization = $500 
Water supply = $0 
Piping and other equipment = $500 
Time required for equipment setup and removal = 4 person – hr 
Labor rate for equipment setup and removal = $75/hr 
Prime contractor personnel on-site each day of injection = 1 person 
Average labor rate of prime contractor personnel = $75/hr 
Hours billed per person per day = 10 hr/person/day 
Per diem = $60/person/day 
Vehicle rental = $30/day 
Lodging = $70/person/day 
Additional costs = $100/day 
Injection equipment costs = $75/day 
Drilling equipment to be used = Geoprobe 6600 
Daily cost for DPT equipment and operator = $1,800/day 
Productive working time per day = 9 hr 
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Rig time to complete one boring = 1 hr/boring 
Additional material and IDW costs per boring = $50/boring 
 
Installation and Injection – DPT Well Installation 
 
Well screen diameter = 1 in 
Effective diameter of sand pack = 1 in 
Drilling equipment to be used = Geoprobe 6600 
Daily cost for DPT equipment and operator = $3,190/day 
Wells installed per day = 6 wells/day 
Additional material and IDW costs per well = $400/well 
Subcontractor mobilization = $0 
Number of supervising personnel on-site each day = 2 persons 
Average labor rate of personnel = $87.09/hr 
Supervision hours billed per person per day = 9 hr/person/day 
Additional costs = $220/day 
Injection pressure = 15 psi 
Well loss coefficient = 5 
Injection rate to be used in design = 2 gpm/well 
Mobilization = $2,670 
Water supply = $0 
Piping and other equipment = $1,000 
Time required for equipment setup and removal = 45 hr 
Labor rate for equipment setup and removal = $140/hr 
Number of personnel on-site each day of injection = 2 person 
Average labor rate of personnel = $88.13/hr 
Hours billed per person per day = 9 hr/person/day 
Per diem = $110/person/day 
Vehicle rental = $0/day 
Lodging = $0/person/day 
Injection equipment costs = $1,010/day 
Additional costs = $125/day 
 
Installation and Injection – Well Installation by Conventional Drilling 
 
Well screen diameter = 2 in 
Effective diameter of sand pack = 2.25 in 
Drilling equipment to be used = Hollow Stem Auger 
Cost for well installation = $30/ft 
Wells installed per day = 2 wells/day 
Additional material and IDW costs per well = $400/well 
Subcontractor mobilization = $0 
Number of supervising personnel on-site each day = 2 persons 
Average labor rate of personnel = $87.09/hr 
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Supervision hours billed per person per day = 9 hr/person/day 
Additional costs = $220/day 
Injection pressure = 15 psi 
Well loss coefficient = 5 
Injection rate to be used in design = 3 gpm/well 
Mobilization = $2,670 
Water supply = $0 
Piping and other equipment = $1,000 
Time required for equipment setup and removal = 45 hr 
Labor rate for equipment setup and removal = $140/hr 
Number of personnel on-site each day of injection = 2 person 
Average labor rate of personnel = $88.13/hr 
Hours billed per person per day = 9 hr/person/day 
Per diem = $110/person/day 
Vehicle rental = $0/day 
Lodging = $0/person/day 
Injection equipment costs = $1,010/day 
Additional costs = $125/day 
 
Installation and Injection – Installation and Injection Summary 
 
Injection through Direct Push Rods 
 Total fixed cost = $1,300 
 Dollars per injection point = $371/boring 
 Injection rate to be used in design = 4.0 gpm/well 
 Injection costs per day = $2,885/day 
Well Installation by Direct Push followed by Emulsion Injection 
 Total fixed cost = $9,970 
 Dollars per injection point = $1,000/well (parameter varied) 
 Injection rate to be used in design = 2.0 gpm/well 
 Injection costs per day = $2,941/day 
Well Installation by Conventional Drilling followed by Emulsion Injection 
 Total fixed cost = $9,970 
 Dollars per injection point = $2,604/well 
 Injection rate to be used in design = 3.0 gpm/well 
 Injection costs per day = $2,941/day 
 
Barrier Treatment – Design Information 
 
Width = 400 ft 
Percentage of injection zone that transmits most flow = 100% 
Minimum allowable contact time = 60 days 
Average amount of DOC released = 70 mg/L 
Total project life  = 30 years 
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Substrate scaling factor = 0.5 
Maximum time between reinjections = 10 years 
Volume scaling factor = 1.0 
Mass scaling factor = 1.0 
 
Barrier Treatment – Capital Cost Analysis 
 
Incremental increase in well spacing = 1 ft 
Planning, engineering, and permitting = $73,100 
Hours of injection per day = 9 hrs 
Maximum number of wells to inject at one time = 10 wells 
Percentage of total wells to inject at one time = 50% 
 
Barrier Treatment – Life Cycle Analysis 
 
Annual interest rate = 5% 
Planning, engineering, and permitting = $5,800 per future event 
Annual monitoring and reporting costs = $15,500 per year 
Well rehabilitation and/or installation cost (% of initial drilling) = 25% 
 
Area Treatment – Design Information 
 
Width = 50 ft 
Length = 50 ft 
Row spacing to well spacing ratio = 1:1 
Percentage of injection zone that transmits most flow = 100% 
Reinjection interval = 5 years 
Total project life  = 30 years 
Volume scaling factor = 1.0 
Mass scaling factor = 1.0 
 
Area Treatment – Capital Cost Analysis 
 
Incremental increase in well spacing = 1 ft 
Planning, engineering, and permitting = $73,100 
Hours of injection per day = 9 hrs 
Maximum number of wells to inject at one time = 10 wells 
Percentage of total wells to inject at one time = 50% 
 
Area Treatment – Life Cycle Analysis 
 
Annual interest rate = 5% 
Planning, engineering, and permitting = $5,800 per future event 
Annual monitoring and reporting costs = $15,500 per year 
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Well rehabilitation and/or installation cost (% of initial drilling) = 25% 
 
 
Comparison of Installation and Injection Methods 
 
Site Data – Aquifer Description 
 
Name = DPI, DP, CD 
Description = Low K, Shallow Wells 
Location = Sensitivity Analysis 
Depth to water table = 5 ft 
Depth to top of injection zone = 5 ft 
Depth to bottom of injection zone = 15 ft 
Hydraulic gradient = 0.004 ft/ft 
Hydraulic conductivity = 1 ft/day 
Estimated total porosity = 0.25 
Estimated effective porosity = 0.25 
Description of aquifer material lithology = silty sand and gravel 
Bulk density = 100 lbs/ft3 
Maximum oil retention = 0.004 lbs oil/lbs soil 
 
Site Data – Contaminant Concentrations 
 
Trichloroethene (TCE) = 2,000 µg/L 
 
Site Data – Biogeochemical Characterization 
 
Background dissolved oxygen = 3 mg/L 
Background nitrate = 10 mg/L 
Background sulfate = 50 mg/L 
Estimated methane produced = 10 mg/L 
Estimated Mn2+ produced = 5 mg/L 
Estimated Fe2+ produced = 10 mg/L 
pH = 7 
 
Site Data – Substrates and Reagents 
 
Brand and product id = EOS 450 
Chemical formula = C56H100O6 
% vegetable oil = 50% 
Cost per pound of product including shipping = $2.62/lb 
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Installation and Injection – Injection Through Direct Push Rods 
 
Length of injection screen = 1.5 ft 
Injection pressure = 20 psi 
Injection rate to be used in design = 4 gpm 
Gallons injected per foot of injection interval = 5 gal/ft (parameter varied) 
Prime contractor mobilization = $0 
Subcontractor mobilization = $500 
Water supply = $0 
Piping and other equipment = $500 
Time required for equipment setup and removal = 4 person – hr 
Labor rate for equipment setup and removal = $75/hr 
Prime contractor personnel on-site each day of injection = 1 person 
Average labor rate of prime contractor personnel = $75/hr 
Hours billed per person per day = 10 hr/person/day 
Per diem = $60/person/day 
Vehicle rental = $30/day 
Lodging = $70/person/day 
Additional costs = $100/day 
Injection equipment costs = $75/day 
Drilling equipment to be used = Geoprobe 6600 
Daily cost for DPT equipment and operator = $1,800/day 
Productive working time per day = 9 hr 
Rig time to complete one boring = 1 hr/boring 
Additional material and IDW costs per boring = $50/boring 
 
Installation and Injection – DPT Well Installation 
 
Well screen diameter = 1 in 
Effective diameter of sand pack = 1 in 
Drilling equipment to be used = Geoprobe 6600 
Daily cost for DPT equipment and operator = $3,190/day 
Wells installed per day = 10 wells/day 
Additional material and IDW costs per well = $400/well 
Subcontractor mobilization = $0 
Number of supervising personnel on-site each day = 2 persons 
Average labor rate of personnel = $87.09/hr 
Supervision hours billed per person per day = 9 hr/person/day 
Additional costs = $220/day 
Injection pressure = 15 psi 
Well loss coefficient = 5 
Injection rate to be used in design = 1 gpm/well 
Mobilization = $2,670 
Water supply = $0 
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Piping and other equipment = $1,000 
Time required for equipment setup and removal = 45 hr 
Labor rate for equipment setup and removal = $140/hr 
Number of personnel on-site each day of injection = 2 person 
Average labor rate of personnel = $88.13/hr 
Hours billed per person per day = 9 hr/person/day 
Per diem = $110/person/day 
Vehicle rental = $0/day 
Lodging = $0/person/day 
Injection equipment costs = $1,010/day 
Additional costs = $125/day 
 
Installation and Injection – Well Installation by Conventional Drilling 
 
Well screen diameter = 2 in 
Effective diameter of sand pack = 2.25 in 
Drilling equipment to be used = Hollow Stem Auger 
Cost for well installation = $30/ft 
Wells installed per day = 4 wells/day 
Additional material and IDW costs per well = $400/well 
Subcontractor mobilization = $0 
Number of supervising personnel on-site each day = 2 persons 
Average labor rate of personnel = $87.09/hr 
Supervision hours billed per person per day = 9 hr/person/day 
Additional costs = $220/day 
Injection pressure = 15 psi 
Well loss coefficient = 5 
Injection rate to be used in design = 2 gpm/well 
Mobilization = $2,670 
Water supply = $0 
Piping and other equipment = $1,000 
Time required for equipment setup and removal = 45 hr 
Labor rate for equipment setup and removal = $140/hr 
Number of personnel on-site each day of injection = 2 person 
Average labor rate of personnel = $88.13/hr 
Hours billed per person per day = 9 hr/person/day 
Per diem = $110/person/day 
Vehicle rental = $0/day 
Lodging = $0/person/day 
Injection equipment costs = $1,010/day 
Additional costs = $125/day 
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Installation and Injection – Installation and Injection Summary 
 
Injection through Direct Push Rods 
 Total fixed cost = $1,300 
 Dollars per injection point = $371/boring 
 Injection rate to be used in design = 4.0 gpm/well 
 Injection costs per day = $2,885/day 
Well Installation by Direct Push followed by Emulsion Injection 
 Total fixed cost = $9,970 
 Dollars per injection point = $920/well 
 Injection rate to be used in design = 1.0 gpm/well 
 Injection costs per day = $2,941/day 
Well Installation by Conventional Drilling followed by Emulsion Injection 
 Total fixed cost = $9,970 
 Dollars per injection point = $1,352/well 
 Injection rate to be used in design = 2.0 gpm/well 
 Injection costs per day = $2,941/day 
 
Barrier Treatment – Design Information 
 
Width = 400 ft 
Percentage of injection zone that transmits most flow = 100% 
Minimum allowable contact time = 60 days 
Average amount of DOC released = 70 mg/L 
Total project life  = 30 years 
Substrate scaling factor = 0.5 
Maximum time between reinjections = 10 years 
Volume scaling factor = 1.0 (parameter varied) 
Mass scaling factor = 1.0 
 
Barrier Treatment – Capital Cost Analysis 
 
Incremental increase in well spacing = 1 ft 
Planning, engineering, and permitting = $73,100 
Hours of injection per day = 9 hrs 
Maximum number of wells to inject at one time = 8 wells 
Percentage of total wells to inject at one time = 50% 
 
Barrier Treatment – Life Cycle Analysis 
 
Annual interest rate = 5% 
Planning, engineering, and permitting = $5,800 per future event 
Annual monitoring and reporting costs = $15,500 per year 
Well rehabilitation and/or installation cost (% of initial drilling) = 25% 
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Area Treatment – Design Information 
 
Width = 50 ft 
Length = 50 ft 
Row spacing to well spacing ratio = 1:1 
Percentage of injection zone that transmits most flow = 100% 
Reinjection interval = 5 years 
Total project life  = 30 years 
Volume scaling factor = 1.0 (parameter varied) 
Mass scaling factor = 1.0 
 
Area Treatment – Capital Cost Analysis 
 
Incremental increase in well spacing = 1 ft 
Planning, engineering, and permitting = $73,100 
Hours of injection per day = 9 hrs 
Maximum number of wells to inject at one time = 8 wells 
Percentage of total wells to inject at one time = 50% 
 
Area Treatment – Life Cycle Analysis 
 
Annual interest rate = 5% 
Planning, engineering, and permitting = $5,800 per future event 
Annual monitoring and reporting costs = $15,500 per year 
Well rehabilitation and/or installation cost (% of initial drilling) = 25% 
 
 
Comparison of Different Site Conditions 
 
Only the costs per well are listed since the other changes are noted in section 5.5.1. 
 
 
Scenario 5: Deep GW 
 Well installation by conventional drilling followed by emulsion injection 
 Dollars per injection point = $8,315/well 
  
Scenario 6: Thin Interval 
 Well installation by direct push followed by emulsion injection 
 Dollars per injection point = $920/well 
  
Scenario 7: Thick Interval 
 Well installation by conventional drilling followed by emulsion injection 
 Dollars per injection point = $4,208/well 
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APPENDIX IV 
SUMMARY OF COMMENTS 

 
 

CE 584 Survey 
 
A short survey and design problem was given to students in the Fall 2007 CE 584 – 
Hydraulics of Groundwater class.  Nine students responded to several questions and gave 
feedback on each of the design tool pages.  The students only had access to the design tool 
and not the manual.  Comments are summarized below.   
 
Site Data – Aquifer Description 
 
“Link the Maximum Oil Retention chart so that the manual doesn’t need to be consulted” – 
not implemented, but effects of changing the oil retention were a part of the sensitivity 
analysis 
“Include more details about the lithology of the site” – not implemented, since it wasn’t 
critical to the design tool 
“How big of an impact do small changes in hydraulic characteristics change a design?” – 
addressed in the sensitivity anaylsis 
 
Site Data – Contaminant Concentrations 
 
“Need info on what concentration to use: site max or average?” – addressed in manual 
“Include additional information on how the chemistry works.” - addressed in manual 
 
Site Data – Biogeochemical Characterization 
 
“State on the page why this information is important.” - addressed in manual 
“Why are some parameters listed if they aren’t used in calculations?” - addressed in manual 
 
Site Data – Substrates and Reagents 
 
“Include guidelines for costs.” – costs can vary greatly from site to site so it is not practical to 
include guidelines 
“Have more information about the available substrates.” – not included since the technology 
is always changing.  One should contact a distributor for current information. 
 
Installation and Injection – DPT Well Installation 
 
“I didn’t understand the importance for the effective diameter of the sand pack” - addressed 
in manual 
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Installation and Injection – Summary 
 
“Make the button to select the design bigger.  I didn’t understand that you had to choose 
one.” – additional text was included in the design tool 
 
Barrier Treatment – Design Information 
 
“Link the chapter from the design tool to this page.” – difficult to do and not necessary 
“Not sure how the scaling factors work.” - addressed in manual 
“How is the contact efficiency determined?” - addressed in manual 
 “What is a typical reinjection interval?” - addressed in manual 
 
Barrier Treatment – Capital Cost Analysis 
 
“Make it clearer that the user is supposed to vary the well spacing to find the best design” - 
addressed in manual 
“Clarify the difference between capital and life cycle costs.” - addressed in manual 
“I was confused by what the ‘incremental increase in well spacing meant.” - addressed in 
manual 
 
Barrier Treatment – Life Cycle Analysis 
 
“Straightforward, but make the radio buttons stand out more.” – change incorporated in 
design tool 
 
Barrier Treatment – NPV for Selected Design 
 
 “Explain what the graphs are showing.” - addressed in manual 
 
Barrier Treatment – Summary of Selected Design 
 
“Is there a way to store this page for future comparisons?” – need to save as a new file or 
enter the data in a new worksheet 
 
Overall Evaluation  
 
All of the students either agreed or strongly agreed that the design tool would be useful in 
designing a barrier treatment. 
 
“Include brief summaries of basic engineering economics and how the mass, volume, and 
substrate scaling factors will impact a design.” - addressed in manual 
“This is probably in the manual, but definitions of some of the terms would be helpful.” - 
addressed in manual 
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“In the text file that accompanies the excel file you should warn people that macros need to 
be enabled.” – will be included 
 
 
Technical Advisory Committee Feedback 
 
Some of the comments and suggestions received from the TAC are listed below. 
 
Design Tool 
 
Table of Contents 
 
“Add warning to the reset button so that data is not accidentally deleted.” – problem 
addressed 
 
Site Data – Aquifer Description 
 
“Add oil retention chart to page.” – not done since chart takes up a lot of space and changing 
this factor was documented in the sensitivity analysis 
 
Site Data – Contaminant Concentrations 
 
No comments 
 
Site Data – Biogeochemical Characterization 
 
“Is there something in the manual to address typical Mn and Fe production, based on soil 
type, baseline dissolved phase metals, and/or redox?” – information is included in manual 
 
Site Data – Substrates and Reagents 
 
No comments 
 
Installation and Injection – Injection Through Direct Push Rods 
 
“Suggest deleting prime contractor mobilization.” – not deleted since it can be left at 0 
“Add permitting costs for drilling” – change incorporated into design tool, added to capital 
and life cycle analysis pages 
“Look into how costs for drilling are calculated” – change incorporated into design tool by 
separating drilling and injection costs 
“Look at how cost per gallon is injected.” – item removed and costs are now based on 
injection costs per day 
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Installation and Injection – DPT Well Installation 
 
“Add permitting costs for drilling as well as time for setup and labor” – change incorporated 
into design tool 
 
Installation and Injection – Well Installation by Conventional Drilling 
 
“Add permitting costs for drilling as well as time for setup and labor” – change incorporated 
into design tool 
 
Installation and Injection – Summary 
 
No comments 
 
Barrier Treatment – Design Information 
 
“I’m confused on minimum allowable contact length and minimum length to be used in 
design.” – items removed and reduced to contact time for simplicity 
“I think contact efficiency graph is confusing.” – explanatory text added 
“Explain scaling factors.” – information added to manual 
 
Barrier Treatment – Capital Cost Analysis 
 
“Fixed costs only included information for one injection event, what if more than is needed.” 
– additional costs are included in the life cycle analysis 
“No radius of influence overlap is accounted for when determining the total injection volume 
per well.” – not included as part of the design tool 
“Describe how reinjection interval is calculated.” – included in the manual 
“There seems to be a discrepancy between values in the Capital Cost Analysis sheet and the 
Summary of Selected Design sheet.” – problem was addressed 
 
Barrier Treatment – Life Cycle Analysis 
 
“Include post remediation costs” – change incorporated into design tool 
“Maybe break down engineering costs into initial design engineering, and subsequent event 
engineering.” – was already done but explanatory text was added 
 
Barrier Treatment – NPV for Selected Design 
 
No comments 
 
Barrier Treatment – Summary of Selected Design 
 
“Add reinjection frequency info.” – change incorporated into design tool 
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Area Treatment – Design Information 
 
“What the design/performance basis for selecting barrier spacing as a multiple of well 
spacing?” – changes were made to how well spacing to row spacing ratio was used and was 
examined in the sensitivity analysis 
“Some guidance on reinjection interval should be added to manual at the very least.” – 
information was added to manual and examined in sensitivity analysis 
“I think contact efficiency graph is confusing.” – explanatory text added 
“Explain scaling factors.” – information added to manual 
 
Area Treatment – Capital Cost Analysis 
 
“Fixed costs only included information for one injection event, what if more than is needed.” 
– additional costs are included in the life cycle analysis 
“No radius of influence overlap is accounted for when determining the total injection volume 
per well.” – not included as part of the design tool 
“Why isn’t the reinjection interval calculated” – information included in the manual 
 
Area Treatment – Life Cycle Analysis 
 
“Include post remediation costs” – change incorporated into design tool 
“Maybe break down engineering costs into initial design engineering, and subsequent event 
engineering.” – was already done but explanatory text was added 
 
Area Treatment – NPV for Selected Design 
 
No comments 
 
Area Treatment – Summary of Selected Design 
 
“Add reinjection frequency info.” – change incorporated into design tool 
 
Design Tool Manual 
 
“I don’t like the term sediment in this context.” – sediment was changed to aquifer material 
“Since tool used effective porosity, why include total porosity?” – total porosity is included 
for additional information 
“How does one obtain an estimate for the amount of DOC released from the barrier?” – 
information included in manual as well as design tool 
“Make sure terminology in manual and design tool matches.” – changes incorporated to 
design tool and manual 
“Add discussion about the role of the substrate scaling factor.” – added to the manual 
“Is information on contact efficiency correct in that you need high SFV and SFM to attain 
90% contact efficiency?” – additional simulations proved this to be correct 
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“Explain secondary water quality issues.” – information added 
“There seems to be some inconsistencies in what is explained in the manual and how the 
design tool works.” – changes made to correct issue 
“Include information on how SFS is used.” - changes made to correct issue 
”Add information covering life cycle analysis.” - changes made to correct issue 
“Reword or move the section on source area information.” - changes made to correct issue  
 
Additional Comments 
 
“I need to understand the effect of the scaling factors better, but the design tool seems to 
match what we did at a barrier pilot test.  The tool underestimated the amount of oil we used 
and overestimated the injection volume.” – issue evaluated and slight changes to design tool 
were made 
 


