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s&b- Strategies fw Today) 

Environmental Parrntrship 

One of the most significant long-term trends affecting the future vitality of the petro- 
leum industry is the public’s concerns about the environment. Recognizing this trend, API 
member companies have developed a positive, forward looking strategy called STEP 
Strategies for Today’s Environmental Partnership. This program aims to address public 
concerns by improving industry’s environmental, health and safety performance; docu- 
menting performance improvements; and communicating them to the public. The founda- 
tion of STEP is the API Environmental Mission and Guiding Environmental Principles. 
API standards, by promoting the use of sound engineering and operational practices, are 
an important means of implementing API’s STEP program. 

API ENVIRONMENTAL MISSION AND GUIDING 
ENVIRONMENTAL PRINCIPLES 

The members of the American Petroleum Institute are dedicated to continuous efforts to 
improve the compatibility of our operations with the environment while economically 
developing energy resources and supplying high quality products and services to consum- 
ers. The members recognize the importance of efficiently meeting society’s needs and our 
responsibility to work with the public, the government, and others to develop and to use 
natural resources in an environmentally sound manner while protecting the health and 
safety of our employees and the public. To meet these responsibilities, API members 
pledge to manage our businesses according to these principles: 

e 

o 

e 

0 

e 

e 

e 

e 

e 

o 

To recognize and to respond to community concerns about our raw materials, prod- 
ucts and operations. 
To operate our plants and facilities, and to handle our raw materials and products in a 
manner that protects the environment, and the safety and health of our employees 
and the public. 
To make safety, health and environmental considerations a priority in our planning, 
and our development of new products and processes. 
To advise promptly appropriate officials, employees, customers and the public of 
information on significant industry-related safety, health and environmental hazards, 
and to recommend protective measures. 
To counsel customers, transporters and others in the safe use, transportation and dis- 
posal of our raw materials, products and waste materials. 
To economically develop and produce natural resources and to conserve those 
resources by using energy efficiently. 
To extend knowledge by conducting or supporting research on the safety, health and 
environmental effects of our raw materials, products, processes and waste materials. 
To commit to reduce overall emissions and waste generation. 
To work with others to resolve problems created by handling and disposal of hazard- 
ous substances from our operations. 
To participate with government and others in creating responsible laws, regulations 
and standards to safeguard the community, workplace and environment. 
To promote these principles and practices by sharing experiences and offering assis- 
tance to others who produce, handle, use, transport or dispose of similar raw maten- 
als, petroleum products and wastes. 
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SPECIAL NOTES 
API publications necessarily address problems of a general nature. With respect to par- 

ticular circumstances, local, state, and federal laws and regulations should be reviewed. 
API is not undertaking to meet the duties of employers, manufacturers, or suppliers to 

warn and properly train and equip their employees, and others exposed, concerning health 
and safety risks and precautions, nor undertaking their obligations under local, state, or 
federal laws. 

Information concerning safety and health risks and proper precautions with respect to 
particular materials and conditions should be obtained from the employer, the manufac- 
turer or supplier of that material, or the material safety data sheet. 

Nothing contained in any API publication is to be construed as granting any right, by 
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or 
product covered by letters patent. Neither should anything contained in the publication be 
construed as insuring anyone against liability for infringement of letters patent. 

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least 
every five years. Sometimes a one-time extension of up to two years will be added to this 
review cycle. This publication will no longer be in effect five years after its publication 
date as an operative API standard or, where an extension has been granted, upon republica- 
tion. Status of the publication can be ascertained from the API Authoring Department 
[telephone (202) 682-8000]. A catalog of API publications and materials is published 
annually and updated quarterly by API, 1220 L Street, N.W., Washington, D.C. 20005. 

This document was produced under API standardization procedures that ensure appro- 
priate notification and participation in the developmental process and is designated as an 
API standard. Questions concerning the interpretation of the content of this standard or 
comments and questions concerning the procedures under which this standard was devel- 
oped should be directed in writing to the director of the Authoring Department (shown on 
the title page of this document), American Petroleum Institute, 1220 L Street, N.W., Wash- 
ington, D.C. 20005. Requests for permission to reproduce or translate all or any part of the 
material published herein should also be addressed to the director. 

API publications may be used by anyone desiring to do so. Every effort has been made 
by the Institute to assure the accuracy and reliability of the data contained in them; how- 
ever, the Institute makes no representation, warranty, or guarantee in connection with this 
publication and hereby expressly disclaims any liability or responsibility for loss or dam- 
age resulting from its use or for the violation of any federal, state, or municipal regulation 
with which this publication may conflict. 

API standards are published to facilitate the broad availability of proven, sound engi- 
neering and operating practices. These standards are not intended to obviate the need for 
applying sound engineering judgment regarding when and where these standards should 
be utilized. The formulation and publication of API standards is not intended in any way to 
inhibit anyone from using any other practices. 

Any manufacturer marking equipment or materials in conformance with the marking 
requirements of an API standard is solely responsible for complying with all the applica- 
ble requirements of that standard. API does not represent, warrant, or guarantee that such 
products do in fact conform to the applicable API standard. 

All rights reserved No part of this work may be reproduced, stored in a retrieval system, 
or transmitted by any means, electronic, mechanical, photocopying, recording, or other- 

wise, without prior written permission from the publishel: Contact the Publisher; 
API Publishing Services, 1220 L Street, N. W, Washington, D.C. 20005. 

Copyright O 1996 American Petroleum Institute 
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FOREWORD 
MI publications may be used by anyone desiring to do so. Every effort has been made 

by the Institute to assure the accuracy and reliability of the data contained in them; how- 
ever, the Institute makes no representation, warranty, or guarantee in connection with this 
publication and hereby expressly disclaims any liability or responsibility for loss or dam- 
age resulting from its use or for the violation of any federal, state, or municipal regulation 
with which this publication may conflict. 

Suggested revisions are invited and should be submitted to the director of the Manufac- 
turing, Distribution and Marketing Department, American Petroleum Institute, 1220 L 
Street, N.W., Washington, D.C. 20005. 
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Optimization of Hydrocarbon Recovery 

SECTION I-INTRODUCTION 

The concept of recovery optimization is, in its broadest 
sense, to achieve an environmentally sound site closure in 
the appropriate time frame for the least cost (That is, to 
maximize efficiency of the selected system). Optimization 
can be applied at various levels and is a function of the 
goals and the evaluation criteria against which a system's 
effectiveness is measured. For example, optimization could 
be applied to a recovery system using the concept of maxi- 
mizing light non-aqueous phase liquid (LNAPL) recovery 
as the goal. At the lowest level, optimization could be 
applied to the design and operation of a single well. At the 
highest level, optimization would be applied to the design 
and operation of an entire remediation system. There is 
essentially a continuum of remedial choices ranging from 

containment to implementation of the most complex recov- 
ery systems, all of which can be optimized to enhance effi- 
ciency and lower costs. In general, remediation 
optimization should consider this continuum of technolo- 
gies required to achieve appropriate cleanup target levels 
for the site. Typical technologies may consist of pump and 
treat for plume control and hydrocarbon recovery, followed 
by soil venting for removal of residual hydrocarbons in the 
vadose zone. The advantages and disadvantages of various 
remedial systems have been discussed in detail in API Pub- 
lication 1628 Section 7.0 [ i]. This document will focus on 
site-wide recovery system optimization, as system designs 
and operation and maintenance (O&M) are covered in sepa- 
rate documents. 

SECTION 2-LNAPL MIGRATION 

Understanding the migration of LNAPL in the subsurface 
is important to all of the remedial technologies and their 
subsequent optimization. Thus, a brief review of the 
mechanics of this migration will be presented. When a 
release of a petroleum product that is less dense than water, 
LNAPL, occurs in the subsurface, it can be distributed in the 
subsurface in several phases. Some of the LNAPL will 
adhere to the soil particles and become trapped in the small 
pore spaces, becoming immobile; this is called residual 
LNAPL or residual hydrocarbon. (Note: In this document, 
the terms LNAPL and oil are used interchangeably.) The 
LNAPL will also volatilize and form a vapor phase, assum- 
ing that the hydrocarbon mixture has a volatile component. 
If a water table is present, as the LNAPL migrates vertically 
in the pore spaces of the formation, it will encounter pores 
filled with water. Due to the differences in density and cap- 
illary pressures, it will begin to accumulate and a two-phase 
flow system, consisting of water (the wetting phase) and 
LNAPL (the non-wetting phase), will develop. 

Figure 1 presents a conceptual illustration of the distribu- 
tion of water, LNAPL. and air in a porous medium, as pre- 
sented in API Publication 1628, [i]. The continuous pore 
volume is occupied by water, LNAPL, and/or air and the 
spaces between represent the porous medium. Several 
zones are present in the porous medium: 

a. A three-phase zone containing water, LNAPL, and air, 
where the relative saturations of the three fluids will deter- 
mine the mobility of each. This section is considered part of 
the vadose or unsaturated zone. 
b. A two-phase zone, or capillary zone, containing water 

and LNAPL, where the relative saturation of these fluids 
will determine their mobility, 
c. A two-phase zone below the water table, but within the 
limits of water-table fluctuations, where residual hydrocar- 
bons are present. 
d. A one-phase zone containing only water at some distance 
below the water table and outside the zone of water-table 
fluctuations, where only dissolved hydrocarbons are 
present. 

The primary zone of lateral movement of LNAPL near 
the water table is the two-phase zone [water and LNAPL), 
where LNAPL saturation can reach a high enough level to 
become mobile. Figure 2 shows the relative saturation 
curves for water and LNAPL in this zone and the relation- 
ship to LNAPL accumulation in a monitoring well. In gen- 
eral, there is an over-accumulation of LNAPL in the well 
relative to the formation; this accumulation can be calcu- 
lated through the saturation-capillary pressure relationships 
[Chiang and Kemblowski, [2]; Fm, et al., [3]). 

This concept of a two-phase system where both water and 
LNAPL occupy the pore spaces is extremely important in 
the evaluation of remedial systems and the recovery of 
LNAPL. The ability of the porous medium to transmit flu- 
ids (its permeability) is a function of the relative saturation 
of the two fluids and is referred to as relative permeability. 
Relative permeability involves the flow behavior of two 
immiscible fluids existing in the same porous medium. It 
means that as the saturation of one fluid decreases relative to 
the second fluid, its flow capacity will also decrease. Thus, 
as the saturation of LNAPL decreases relative to water, the 
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HORIZONTAL MOBILITY OF 
HYDROCARBONPHASES 

LIQUID VAPOR DISSOLVED 

ImmÓbile Mope Mobile (.) 
I I 1 Mobile 

Immobile T Immobile i 4 Mobile 

Zone of 
water table 
fluctuation 
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Free hydrocarbons - 
y - Effective water table 
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0 Sand grain 

B Water 

Liquid hydrocarbons 

0 AirNapor 

(*) During infiltration or due to unsaturated flow 

GENERALIZED 
CROSS SECTION 

FLUID SATURATION 

Unsaturated zone with I residual hydrocarbons 
and hydrocarbon vapor 

Hvdrocarbon I 1 . 3  

Capillary zone with 
free liquid hydrocarbons 

Limit of 
L immobile 

/ 

n hydrocarbons 

Water table fluctuation zone I \  with residual hydrocarbons 

Saturated zone with 
dissolved hydrocarbons 

Source: Modified from Lundy and Gogel, 1988. 
(FROM API PUBLICATION 1628, AUGUST 1989) 

Figure 1 -Vertical Distribution and Degrees of Mobility of Hydrocarbon Phases in Earth Materials 
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OPTIMIZATION OF HYDROCARBON RECOVERY 3 

ability of the LNAPL to flow will also decrease (as shown in 
Figure 3). The relative saturation of the LNAPL (the non- 
wetting phase) must reach a certain level for it to become 
mobile; then its mobility and relative permeability increases 
rapidly with increased saturation. The increase in relative 
permeability of the wetting phase (water) is more gradual 
and proportional to the incremental increase in saturation. 
The relative permeability effect, coupled with the entrap- 
ment of LNAPL below the water table and residual losses in 
the unsaturated zone, result in the relatively low recoverabil- 
ityof LNAPL. 

Average Oil Thickness 

Residual LNAPL losses are very important to overall 
remediation at a site. In addition to residual losses that 
occur above the water table in the unsaturated zone, fluctua- 
tions of the water table will also result in entrapment of 
LNAPL below the water table. Fine-grained sands tend to 
retain more of the liquids in a residual state than coarse- 
grained sands. The type of hydrocarbon also impacts 
LNAPL residuals, and residual LNAPL tend to increase 
with more viscous products. These residual LNAPL are 
immobile and remain as a source of dissolved and vapor 
phase concentrations. 

Monitoring well 

f 
t 

7- 
ï 

Water 

\ y w a t e r  

O Saturation 1 

Figure 2-Hydrocarbon Distribution in Formation and Monitoring Well 
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Figure 3-Relationship Between Wetting Fluid Saturation and Relative Permeability 

SECTION 3-GOAL DEFINITION AND THE EFFECT ON OPTIMIZATION 

3.1 General 
Establishing the goals or cleanup target levels for the 

remediation of a site is of primary importance since the 
goals determine the selection of the remedial technology. 
An example would be a one-acre site, located in an arid 
environment, with a 200-foot depth to groundwater, with 
1.0 part per million (ppm) of benzene in the soil, that origi- 
nated from a gasoline release. If the goal at this site is to 
achieve cleanup target levels that provide an acceptable 
level of risk to human health and the environment, the opti- 
mal solution based on a risk assessment may be no further 
action or monitoring only. On the other hand, if the goal is 
to achieve regulatory-driven benzene levels of 5 parts per 
billion (ppb) in the soil in one year, venting may be selected 
as the remedial technology, and optimization would take the 
form of maximizing the efficiency of the venting system. 

3.2 Factors Affecting Remedial Goals 
The goals define the selection of the remedial technology 

that is to be optimized. Selection of the goals at a particular 
remedial site can be based on numerous factors, including 
the following: 

a. Composition and distribution of the chemical(s) of con- 
cem. 
b. Exposures to human and environmental receptors. 
c. Effectiveness and limitations of available technologies. 
d. Costs. 
e. Business management requirements. 
f. Regulatory requirements. 

a range of effectiveness depending upon the following: 

a. Chemical(s) of concern. 
b. Distribution of chemical(s) of concern within the subsur- 
face. 
c. Subsurface hydrogeology (e.g. soil types, depth to 
groundwater). In many cases where remediation is 
required, several types of systems may be needed to achieve 

It should be noted that every remediation technology has 
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OPTIMIZATION OF HYDROCARBON RECOVERY 5 

cleanup target levels. In other instances, it may not be pos- 
sible to practically remediate to required cleanup target lev- 
els. In these instances, institutional controls or containment 
measures should be considered. 

3.3 Remedial System Evaluation Criteria 
The evaluation criteria against which a system is being 

measured define whether it is effective and whether it is 
operating at an optimal level. The primary evaluation crite- 
ria against which remedial systems are typically measured 
include the following: 

a. Performance (¡.e., comparison of design assumptions to 
field results). 
b. Reliability. 
c. cost. 
d. Safety. 
e. Institutional controls. 
f. Constructability. 
g. Environmental impacts. 
h. Progress towards achieving cleanup target levels. 

3.4 Factors Affecting Optimization 
Com p I ex i t y 

Each remedial approach can be optimized at different lev- 
els of complexity. In general, the simplest approach to opti- 

mization is also the least costly, requires the least amount of 
data, and requires the least rigorous analysis. The key is to 
ask a series of questions and evaluate the factors that will 
determine the level of complexity required for a particular 
site. 

The following questions should be considered prior to 
deciding on the optimization approach and its associated 
complexity: 

a. Scale of problem? Small- Large- 
b. Risk associated with an error? Low- High- 
c. Level of effort ($)? Low- High- 
d. Knowledge of hydrogeology? Low- High- 
e. Complexity of hydrogeology? Low- High- 
f. Knowledge of distribution of 
chemical(s) of concern (available data)? Low- High- 
g. Knowledge of hydrogeologic 
parameters (physical and chemical)? Low- High- 
h. Confidence in field data? Low- High- 

A small site with a limited problem, a homogeneous for- 
mation, and limited risk would require a less complex opti- 
mization. However, a large complex site with complex 
hydrogeology and high risk would require a more complex 
optimization, as well as a more aggressive data collection 
program to support that optimization. 

SECTION GAPPROACHES TO REMEDIATION AND OPTIMIZATION 

4.1 General 
Based on the range of remedial alternatives, there is also a 

large number of alternative approaches to optimization. 
Three basic remedial approaches will be discussed here: (a) 
containment and withdrawal of dissolved hydrocarbons, (b) 
LNAPL recovery, (c) Residuals remediation and venting. 
The general approaches to optimization and the methods 
available will be presented. 

4.2 Containment and Withdrawal of 
Dissolved Hydrocarbons 

In general, the design of containment and withdrawal sys- 
tems is based on the concept of capturing the dissolved 
hydrocarbon plume with as few extraction points as possible 
and at the lowest possible flow rate. Again, the goals of the 
remediation, such as limiting drawdown to maximize 
LNAPL recovery, may impact this basic scenario. This 
issue will be discussed in subsequent sections. 

4.2.1 BASICS OF CONTAINMENT AND 
RECOVERY 

A capture zone is the area within which LNAPL, ground- 
water or hydrocarbon vapors will flow to an extraction 

point. In more technical terms, the capture zone is the zone 
of hydraulic influence within which liquids will flow to a 
recovery well. As depicted in Figure 4, the capture zone is 
developed by establishing and maintaining a cone of depres- 
sion (created by pumping) in the water table. 

When a groundwater extraction system is being designed, 
the extraction well locations and the pumping rates should 
create a capture zone that will encompass and prevent 
migration of the dissolved plume. In a system where the 
established goal is simply containment of a dissolved 
plume, the design optimization of the system may involve 
the adjustment of the well locations and pumping rates to 
achieve capture at the lowest possible flow rate with the 
least number of wells. On a more complex level, the time 
frame to achieve capture and the degree of containment 
could also be considered. The optimization process can 
take several forms, from simply calculating the capture zone 
of a single well and then assuring that the wells have over- 
lapping cones, to the use of complex groundwater flow and 
associated linear optimization models. The complexity of 
the design optimization process selected will depend on the 
desired accuracy and on the costs associated with the poten- 
tial inaccuracies in the result, as discussed in Section 3.4. 
These approaches deal with the optimization of the design 
prior to installation. “Optimizing” the performance of the 
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OPTIMIZATION OF HYDROCARBON RECOVERY 7 

system can only be accomplished after the system is 
installed and operating. Once in operation, the actual per- 
formance of the system can be compared to the predicted 
design. If performance is observed to be outside of the 
design parameters, then modifications can be made to opti- 
mize system performance relative to design. 

If residual hydrocarbons are present, pump and treat con- 
tainment systems will not be sufficient to remediate a site 
due to the continued dissolution of chemical(s) of concern 
into the groundwater. Pump and treat systems must be cou- 
pled with other remedial techniques to address the residual 
concentrations of chemical@) of concern and achieve the 
desired remedial goals. Thus, pump and treat systems have 
three common uses: 

a. Containment of dissolved plumes. 
b. Enhancing LNAPL recovery through gradient control. 
c. Dewatering to enhance the use of venting systems for 
volatization of residuals. 

Containment implies that the area within the capture zone 
may not be remediated in a reasonable time frame. Residual 
hydrocarbons may always remain in the soil pore spaces fol- 
lowing recovery of the mobile LNAPL. The amount of 
residual LNAPL is a function of (a) hydrocarbon type and 
properties,( b) soil type, and (c) distribution of LNAPL 
before pumping. 

As noted above, the methods for optimizing the design of 
a containment system and selecting the number, location, 
and pumping rates of extraction systems vary with the level 
of effort expended and the complexity of the site. The 
approaches to design can be divided into three categories: 
(a) those that use radius of influence calculations, (b) basic 
or screening models, or (c) detailed models. These methods 
and their data requirements are summarized below. 

4.2.2 RADIUS OF INFLUENCWCAPTURE ZONE 
METHOD 

Radius of influence calculations using analytical solu- 
tions to determine well spacing for optimizing the contain- 
ment of a groundwater plume are a very common approach. 
This method is normally accomplished using analytical 
techniques based on aquifer hydraulic properties collected 
during pumping or slug tests of the aquifer at the site. At a 
minimum, slug tests, sieve analyses, and core samples 
should be taken to estimate the aquifer parameters required 
to use the radius of influence methods. The amount of field 
data that is collected and the effort used to develop these 
values (slug test versus multiple long-term aquifer tests) 
will be a function of the factors affecting site complexity, as 
discussed in Section 3.4. Some of the equations available 
for estimating these properties are presented in Table 1. 

In this approach to design optimization, analytical equa- 
tions are applied to the hydraulic properties calculated for 
the site to obtain an estimated radius of influence. The 

groundwater containment system is then designed based on 
this radius, with the wells placed to assure that the capture 
zones overlap and encompass the plume. It is important to 
note that the stagnation point is the point directly downgra- 
dient of the pumping well where the forces on the ground- 
water are balanced. The forces are that of the natural 
gradient away from the well and the gradient created by the 
pumping towards the well. Any groundwater or LNAPL 
beyond the stagnation point will not be pulled back to the 
pumping well. This calculated distance is important in 
designing recovery well networks to capture plumes. Limit- 
ing assumptions must be made when considering the analyt- 
ical solution to be used. The questions that must be 
answered or assumptions made concerning the hydrogeol- 
ogy include the following: 

a. Confined or unconfined? 
b. Leaky or non-leaky? 
c. Artesian or non-artesian? 
d. Equilibrium or non-equilibrium? 
e. Homogeneous or heterogeneous? 
f. Isotropic or anisotropic? 
g. Recharge effects? 
h. Boundary effects? 
i. Partially penetrating wells? 
j. Seasonal effectdtidal effect? 

Thus, the analytical solutions may be simple to use, but a 
good understanding of the hydrogeology is required for 
them to be applied correctly. Table 1 lists a few of the ana- 
lytical solutions available; the details on these methods can 
be obtained from Groundwater Hydrology Bower [4], 
Driscoll [ 5 ] ;  and Kruseman and deRidder [6] .  

Analytical approaches should be modified to include the 
additional consideration of the natural gradients at the site. 
The natural gradient will skew the capture zone for an indi- 
vidual well in the upgradient direction, making the capture 
zone elliptical in shape rather than circular. The effect of 
the site groundwater gradient on the capture zone and the 
resultant stagnation point is depicted on Figure 4. These 
modified analytical solutions give a much more realistic 
evaluation of the expected capture zone of an individual 
well, given the existing site conditions. 

One option to incorporating the effect of gradients is to do 
a flow net analysis and superimpose the calculated cones of 
depression from the analytical solutions onto a plot of the 
site gradients. This is a simple matter of addition and sub- 
traction of the calculated drawdowns from the analytical 
solutions to the site gradient map. 

Another approach is to use an analytical solution devel- 
oped by Keely and Tsang [7] to evaluate the effectiveness of 
a containment system that incorporates the natural gradient. 
The first step is to calculate the distance from the recovery 
well to the downgradient stagnation point using the follow- 
ing equation: 
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Table 1-Examples of Analytical Solutions 

Description Equation Terms Reference 

Solutions for Determining Hydraulic Parameters 

Unconfined Equilibrium = 1055 Q Log r2 I r ,  Where: 
rl = distance to the nearest observation well, in ft 
r2 = distance to the farthest observation well, in ft 
hz = saturated thickness, in ft, at the farthest observation well 
hl = saturated thickness, in ft, at the nearest observation well 
Q = pumping rate in gpm 

R, = effective radiai distance over which the head difference y 

r, = radial distance between well center and undisturbed aquifer 

(h,2 - h,2)  
EqWtiOnS 

2 Slug Test Solution rc in (Re  I rw) 1 Y, Where: 
Bower and Rice K =  - In - 

2 Le t y* is dissipated 

(rc plus thickness of gravel envelope or developed zone 
outside casing) 

= height of perforated, screened, uncased, or otherwise open 
section of well through which groundwater enters 

yo = y at timezero 
yt = y at timet 
t = timesince yo 

Solutions for Determining Radius of Influence 

Unconfined Equilibrium K( H 2  - h2) Where: 
Q = well yield or pumping rate, in gpm 
K = hydraulic conductivity of the water-bearing formation, in 

H = static head measured from bottom of aquifer, in fi 
h = depth of water in the well while pluming, in ft 
R = radius of the cone of depression, in fi 
r = radius of the well, in ft 

s = drawdown, in ft, at any point in the vicinity of a well 

Q = pumpingrate,ingpm 
T = coefficient of transmissivity, in @ft 
t = time since pumping starîed, in days 
S = coefficient of storage (dimensionless) 

Equations = 1055 Log RI r 

gpd/fiz 

Where: Modified Nonequilibrium Q .3Tt 
Cooper and Jacob S = 264 Log - 

r2S discharging at a constant rate 

Capture Zone Analysis Q 
stag = -1 

Where: 
ratap = distance from well to stagnation point, (ft) 
Q = pumping rate from the well, (ft 3íday) 
h = Saturated thickness of the aquifer, (ft) 
I = hydraulic gradient, and (ft/ft) 
K = hydraulic conductivity (ftlday) 

Dnscoll [5] 

Drkcoll [4] 

Dnscoll [5 ]  

Drkcoll [SI 

Keely and Tsang [7] 

- Q  
stag - -1 

when?: 
rstag = distance from well to stagnation point. 
Q = pumping rate from the well. 
h = saturated thickness of the aquifer. 
i = hydrauiicgradient. 
K = hydraulic conductivity. 
Note that the uni& must be consistent in this equation. 

That is, ail length units must be the same (e.g., feet) and all 
time units must be the same (e.g., days). For example, the 
following could be used in the above equation: 

Q = P/day, 

h = ft. 
K = fVday. 

I = fVft or dimensionless. 
rshg = ft. 

After computing rstag, the capture zone is constructed 
based upon the following relationships (see Figure 5): 

The maximum width of the upgradient inflow to the well, 
or the maximum capture zone width, is equal to 2n times the 
stagnation distance: 

rmax = 2Xrstag 

The width of the capture zone (CZ) at the well is equal to 

CZ @ Well = */zr- 

half the maximum capture zone width ('/zr-). 
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Stagnation 
point 

1 \- I 

I Recovery well Groundwatei ' divide 

+ 
Natural flow 

Figure 5-Estimation of the Width of the Capture Zone at the Recovery Well 

As shown on Figure 5,  the width of the capture zone at 
the well is configured perpendicular to the natural hydraulic 
gradient. 

Data requirements for these analytical approaches include 
hydraulic conductivity, transmissivity, storage coefficient, 
effective porosity, saturated thickness, and the existing 
hydraulic gradient across the plume. These requirements 
are summarized in Table 1. These analytical approaches are 
simple and efficient methods of evaluating capture zones, 
but do not address the interference effects or the optimiza- 
tion of pumping rates for the entire system. All can result in 
an under- or over-designed system that is either inefficient 
or costs more to operate than desirable. 

4.2.3 BASIC FLOW MODELS OR SCREENING 
MODELS 

Screening models can be used to resolve one of the 
remaining optimization issues (well interference effects) 
and aid in the optimization of well location and pumping 
rates. The optimization of well location and pumping rates 

with these screening models is accomplished using itera- 
tions inside the model. Most screening models can be run 
with a minimum of effort, can provide a quick and effective 
way of evaluating various pumping scenarios at a particular 
site, and can significantly increase the confidence level of 
the proposed system. All models should be calibrated with 
actual site data. 

Computer models are becoming more widely applied to 
groundwater remediation. Rumbaugh and Ruskauff { 81 
conducted a survey of groundwater modelers in the United 
States and identified about 200 different models. Very few 
are commonly used. Table 2 presents examples of models 
that can be used to simulate groundwater flow, dissolved 
phase transport, multiphase (separate-phase) flow, air flow 
or venting, and linear optimization. Table 3 summarizes 
model type, developer, availability, applications, and output 
obtained from each. Examples of simple screening models 
include QuickFlow (Rumbaugh, [9]), an analytical flow 
model, and FLOWPATH (Franz and Guiguer, [lo]), which 
combines a numerical two-dimensional flow model with a 
particle-tracking model. 
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Table 2-Common Computer Models Used in Recovery Optimization 

Models 

Model Qpes 1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 15 16 17 18 19 20 

Groundwater Flow Models 
Analytical 
Numerical o 

Dissolved Transport Models 
Analytical 
Numerical 

Multiphase Flow Models O 

Venting (Air How) Models o 

Linear Optimization o .  

Model Types: 
1.  AIRFLOW 6. BIOPLUMJ? II 
2. AQMAN 7. CSUGAS 
3. ARMOS 8. *FLOWPATH 
4. AIRTEST 9. HST3D 
5. *AT123D io. 'HYPERVENTILATE 

o o 
o o .  O .  o o 

o 
o O o .  O o 

o 

o o o O 

11.MOC 16. *QUICKFLOW 
12. MODFLOW 17. Random Walk 
13. MOTRANS 18. RESSQ 
14. MT3D 19. SWIF I1 
15. PLASM 20. *Venting 

Basic (Screening) Models 
Note: See Tables 3.4, and 5 for a description and reference for each of these models. 

Each model type has its own data requirements. The 
amount of data increases with the complexity of the model. 
All require a thorough understanding of the groundwater 
flow system, the model assumptions, and the chemicals of 
concern. Data requirements by model type are presented in 
Table 4. 

4.2.4 DETAILED FLOW MODELS 

Detailed flow models are generally used on large sites 
with complex hydrogeology, where the risk of under- or 
over-designing the containment system outweighs the cost 
of the modeling effort. The questions in Section 3.4 will 
help to determine the proper level of complexity necessary 
for a particular site. These models can incorporate a linear 
optimization routine that will locate wells and adjust pump- 
ing rates automatically. This feature resolves the last opti- 
mization problem of balancing the number and location of 
wells with the goal of minimizing the water production and 
still achieving containment. However, it is very important 
that the user verify and understand the parameters going 
into the model, as all models are simplifications of reality 
and may not accurately reflect site conditions. 

An example of a detailed numerical model is MOD- 
FLOW (McDonald and Harbaugh, [11]), the most com- 
monly used numerical model in the U.S. (Rumbaugh and 
Ruskauff, [SI). Particle tracking can be performed using 
MODPATH (Pollock, [ 12]), which interfaces with MOD- 
FLOW to define the capture zone around the pumping sys- 
tem. Tables 2 and 3 provide a summary of these models, 
their uses, and output, For more information on the applica- 

tion of groundwater flow and particle-tracking models to the 
design of recovery systems, see Anderson and Woessner 

As discussed above, the amount of data required 
increases with model complexity. Most detailed flow mod- 
els require detailed information on containment and hydro- 
geologic parameters and also require information on the 
horizontal and vertical variations of these parameters. 
Knowledge and confidence in the field data and hydrogeo- 
logic parameters are essential to the use of detailed models. 
If the data are limited or of questionable accuracy, then the 
use of a detailed model is not justified, as the level of effort 
would increase but the model accuracy may not. The model 
results are only as good as the data entered. Data require- 
ments for these detailed models are presented in Table 4. 

( [ W .  

4.3 LNAPL Recovery 
4.3.1 GENERAL 

Optimization of LNAPL recovery at a site is very prob- 
lematic, due to the complexity of evaluating the flow of 
LNAPLs in a water-table aquifer. This is essentially a three- 
phase (WaterLNAPLlair) flow problem for which it is diffi- 
cult to develop simple analytical solutions that will predict 
the recoverability of the LNAPL, as discussed in Section 2. 
Thus, the options for optimizing LNAPL recovery are lim- 
ited to the simple and the complex. 

In general, the same techniques presented in the previous 
section concerning optimization of withdrawal systems are 
also applied to the optimization of LNAPL recovery sys- 
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Table 3-Summary Matrix of Groundwater Models 

Model Model 
N2UW wspe Developer Availability Applications 

AQMAN Complex; 2-D; iekoff & 
Finite - difference Gmehick [22], 

USGS 

ARMOS Complex; 2-D; Environmental 
Finite - element Systems & 

Technology, Inc., 
(ES&T)[161 

AT123D Basic; 3-D; semi- Yeh, [23], Oak 
analytical Ridge National 

Lab 

Bioplum II Complex; 2-D Rifa¡ et al. [24] 
method of Rice University 
characteristics 

USGS; $40 Optimization for pump and treat systems 

E S & T  Prediction of separate phase hydrocarbon 
cleanup tirmdvolumdproduct thickness 

Intematinal 
Ground Water 
Modeling 
Centex 

Simple analyses of dissolved contaminant 
migration under uniform gradient 

Rice University Dissolved contaminant migration with 
biodegradation 

DREAM Basic; 2-D; Bonn & Rounds Lewis Capture zone of pump and treat in 2D 
Analytical 1251 Publishers 

Flowpath Basic: 2-D; finite Waterloo - difference Hydrologic 
software 

Analysis of recovery system capture 
zones in 2D 

HST3D Complex; 3-D; Kipp [26] USGS Dissolved contaminant migration in 3D 
finite - difference USGS 

MOC Complex; 2-D; Konikow & USGS Dissolved contaminant migration in 2D 
method of Bredehoeft 
characteristics [27], USGS 

MODFLOW Complex; 3-D; McDonald and USGS Capture zone of pump and treat systems 
finite - difference Harboaugh in 3D 

[lZ], USGS 

MOTRANS Complex; 2-D; Env. Systems & Es & T Separate phase remediatiodvolatization 
finite - element Technologies 

[i71 

MT3D Complex; 3-D; Zheng [28], Papadopulos & Dissolved contaminant migration (fate 
method of USEPA Assoc. and transport) in 3D 
characteristics 

PLASM Complex; 3-D; Prickett and , T. Prickett Capture zone of pump and treat in 2D 
finite - difference Lonquist [29], 

Illinois State 
Water Survey 

QuickFiow Basic; 2-D; Geraghty & Geraghty & Capture zone of pump and treat in 2D 
analytical Miller, Inc., [30] Miller, Inc. 

Random Complex; 3-D; Prickett et al. [31], T. Prickett Dissolved contaminant migration in 2D 
Walk random walk Illinois State 

Water Survey 

semi-analytical [32] Ground Water 
RESSQ Basic; 2-D; Javandel et al. Intematinal Capture zone in 2D 

Modeling 
Center 

SWET II Complex; 3-D; Reeves et al. [33] NTIS Dissolved contaminant migration 
finite - difference 

output 

Optimum well locationdrates 
No graphics 

Listing of head at each node 
Product thickness at each node 
Product recovery rates 
No graphics 

Listing of concentration et each node 
No graphics 

Listing of head at each node 
Listing of concentration at each node 
Dissolved contaminant recovery rates 
No graphics. 

Listing of head at each node 
Plots of streamlines 

Listing of head at each node 
Contour plots 
Plots of streamlinedpatticle paths 

Listing of head at each node 
Listing of concentration at each node 
Dissolved contaminant recovery rates 
No graphics 

Listing of head at each node 
Listing of concentration at each node 
Dissolved contaminant recovery rates 
No graphics 

Listing of head at each node 
No graphics 

Listing of head at each node 
Listing of concentration at each node 
Product recovery rates 
Dissolved contaminant recovery rates 
No graphics 

Listing of concentration at each node 
Dissolved contaminant recovery rates 
No graphics 

Listing of head at each node 
No graphics 

Listing of head at each node 
Contour plots 
Plots of streamlinedparîicle paths 

Listing of concentration at each node 
Dissolved contaminant recovery rates 
No graphics 

Plots of strcamlines/particle paths 

Listing of head at each node 
Listing of concentration at each node 
Dissolved contaminant recovery rates 
No graphics 
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Table A D a t a  Requirements for Models Used in Recovery Optimization 

Data Requirements 

Model ?Qpes 1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 15 16 17 18 19 

Groundwater Flow Models 
Analytical o o o 0 0 . 0  

Numerical o o o o o o o o 

Dissolved Transport Models 
Analytical o o o . O . . @ . .  

Numerical o o o o o o o o o o o 

Multiphase Flow Models 0 o ~ o e o o 0 o o e o o o o 0  

Venting (Au Flow) Models o o .  o m o o 0  

Linear Optimization O O b O *  0 .  

Model ?Qpes: 
1. hydraulic conductivity 6. porosity 11.  half-life or decay coefficient 16. intrinsic permeability 
2. hydraulic gradient 7. extent of product 12. product densityhapor pressure 17. residuals distribution 
3. aquifer thickness 8. extent of dissolved plume 13. product viscosity 18. subsurface pressure distribution 
4. recharge rate 9. dispersivity coefficient 14. product saturation 19. effluent vapor concentrations 
5. storage coefficient IS. relative permeability curves 

Note: Then is little difference in the categories of data required for the basic or screening models and the detailed models. The difference is in the level of 
detail. The detailed models usually require the spatial distribution of the hydrogeologic parameters and a heterogeneous site. The screening models usually 
assume constant or homogeneous site-wide hydrogeologic parameters. 

10. retardation factor or & 

tems. The same concepts apply in terms of developing cap- 
ture zones and overlapping cones that will encompass the 
LNAPL plume. However, once the evaluation has been per- 
formed to develop a system that will capture and contain the 
LNAPL, optimization of the liquid (both groundwater and 
LNAPL) recovery process still remains to be accomplished. 
Again, the established goals of the cleanup will determine 
the approach to this optimization process; in most instances, 
the objective is to maximize the LNAPL recovery while 
minimizing both the production of water and residuals in 
the formation. Minimizing residuals is extremely important 
as a significant percent of the LNAPL can be left in the for- 
mation. For this reason, it is also important to limit draw- 
down and reduce smearing of the LNAPL in the formation. 
As discussed in Section 2, the effect of hydrocarbon entrap- 
ment, residuals loss, and relative permeability combine to 
severely limit the recoverability of LNAF?Ls. The 
approaches to system design optimization can be divided 
into 3 categories: (a) graphical solutions, (b) modified flow 
models, and (c) three-phase flow models. 

4.3.2 GRAPHICAL SOLUTION METHODS- 
SINGLE WELL 

Movement of LNAPL is a very difficult process to 
model. Consequently, few analytical or simple calculations 
m available to perform design optimization of recovery of 
the LNAPL. Chiang and Charbeneau [ 141 have developed a 
set of nornographs that can be used as a tool to estimate the 
amount of LNAPL that can be recovered by a single pump- 
ing weii. They used a two-layer oil and water model to sim- 

ulate LNAPL recovery over a range of hydraulic 
parameters, oil thicknesses, and hydrocarbon properties. 
The rate and/or volume of hydrocarbon removal can be esti- 
mated based upon the following data: 

a. Hydraulic conductivity. 
b. Hydrocarbon viscosity and density (degree API). 
c. Hydrocarbon thickness. 

Examples of these nomographs are shown on Figures 6 
and 7, for K = 0.01 centimeters per second (cds),  K = 
0.001 c d s ,  and K = 0.0001 cm/s, respectively. 

These nomagraphs should be interpreted as approxima- 
tions or general guidelines to be used to aid in evaluating 
what might be expected at a particular site. The variability 
between sites and other hydrogeologic complexities make 
these ?rule of thumb? approximations only. 

4.3.3 FLOW MODELS-MODIFIED 

Another approach to design optimization ?or LNAPL 
recovery systems from a site-wide perspective is to use flow 
models to predict groundwater flow and containment. 
Tables 2,3, and 4 list flow models that could be used for this 
groundwater modeling and their associated data require- 
ments. Particle tracking is then applied to the model to 
obtain information on groundwater travel times to the 
extraction wells. These travel times for the groundwater 
particle tracks can then be modified for LNAF?L migration 
based on a calculated retardation factor (accounting for vis- 
cosity and relative permeability) for the migration of the 
LNAPL in accordance with the following approach: 
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Figure &Optimal LNAPL Recovery Rates and Total Recovery from a Single Pumping Well for an 
API 30, 35, and 40 Oil at a K-value of 0.001 cm/s and 0.0001 cm/s 
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Figure 7 4 p t i m a l  LNAPL Recovery Rates and Total Recovery from a Single Pumping Well for an 
API 30, 35, and 40 Oil at a K-value of 0.01 c d s  and 0.001 cm/s 
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The relative permeability of the formation to oil (Le., 
LNAPL) can be calculated from the following (Charbeneau 
et al., [ 151:) 

KO = K[(PdPw)(k/Cb) k o l  
Where: 

KO = hydraulic conductivity to oil. 
K = saturated water conductivity. 
po = density of oil. 
pw = density of water. 

= dynamic viscosity of water. 
p,, = dynamic viscosity of oil. 
k,, = relative permeability to oil. 

The value of [(p,,/p,)(p,Jp,,) k,] will give the ratio or fac- 
tor that can be used to adjust the water conductivity to that 
for oil. This same factor can then be applied to the migra- 
tion times calculated for the water, since there is a direct 
relationship between the K and the rate of migration, &e., if 
KO is two times smaller than K, travel times for the oil will 
decrease by the same factor of two). 

Estimation of k,, requires the evaluation of the relative 
saturation of the two fluids and determination of several 
characteristic constants that must be obtained experimen- 
tally or estimated from the literature (Charbeneau et al., 
[ 151. This factor can be applied to the water travel times to 
obtain travel times for the LNAPL to the wells. The well 
locations can then be adjusted in the model until travel times 
for the LNAPL, which meet the remedial goals for the site, 
are reached. It is very important to remember that the anal- 
ysis of relative permeability is a function of the oil satura- 
tion relative to that of water. As the LNAPL accumulations 
in the formation decline, so will the relative saturation of oil 
in the formation. Once the relative oil saturation drops to a 
critical value (See Figure 3), the LNAPL will be immobile. 

4.3.4 THREE-PHASE FLOW MODELS 

At the most complex sites, the use of three-phase flow 
models may be justified. These models can be used to sim- 
ulate the migration of the waterLNAPWair continuum, 
evaluate the LNAPL recovery effectiveness of various 
pumping scenarios, and optimize the flow system. How- 
ever, these are very complex models and only skilled model- 
ing practitioners should use these codes. These models also 
require a significant amount of experimental or field data, or 
these data must be estimated from the literature. Without 
adequate field data to support these complex models, the 
results of the modeling will be questionable. 

ARMOS is a two-dimensional finite-element model 
developed by Environmental Systems & Technologies, Inc. 
[16] to model the movement of groundwater and LNAPL. 
MOTRANS, also by Environmental Systems & Technolo- 
gies, [17] is a more complex model that can simulate the 

movement of air, water, and LNAPL, including the parti- 
tioning of the LNAPL in the dissolved and vapor phases. 
Both models require a significant degree of experience on 
the part of the modeler and also require significantly more 
site data (see Tables 2, 3, and 4). Refer to the questions in 
Section 3.4 to aid in determining the level of complexity 
that is justified at a given site before these approaches are 
used for design optimization. 

4.4 Residuals Remediation and Venting 
4.4.1 GENERAL 

The concepts of optimization and capture zones discussed 
previously for groundwater extraction systems, are equally 
applicable to soil vapor extraction (SVE). The primary dif- 
ference is that capture zones for SVE systems are generated 
by extraction of air in the vadose zone rather than water 
from the saturated zone. 

The approaches to optimization of SVE presented herein 
are from the work of Johnson and Peargin in the soils reme- 
diation workshop conducted by the U.S. Environmental 
Protective Agency (USEPA [ 181. They present several basic 
methods for design and optimization of SVE, which can be 
put into three basic categories: (a) those that use radius of 
influence calculations, (b) screening models, and (c) 
detailed modeling. Two other methods (empirical and sys- 
tem matching), which have been used in the past, are also 
presented. However, they are not endorsed by USEPA [ 181 
and are not recommended for use as they may result in inad- 
equate system design. 

4.4.2 RADIUS OF INFLUENCE 

While the radius of influence approach to SVE design is 
commonly used, but has one basic flaw: it defines an area of 
capture, but not an area of remediation. Based on the evalu- 
ation of the extent of the concentrations of chemical(s) of 
concern, an SVE is designed so that it will have sufficient 
influence to encompass the area of concentrations that are 
above site target levels. A pilot test is usually run to obtain 
an estimate of the area of influence from the monitoring of 
vacuum at vapor monitoring points. The radius of influence 
is interpreted as the distance at which the vadose zone vac- 
uum can no longer be measured. The SVE system is 
designed based on this radius of influence using enough 
wells to encompass the area of concentrations of chemi- 
cal(s) of concern that are above site target levels. This is the 
same approach used in the radius of influence calculations for 
containment using groundwater systems discussed previously. 

The problem with this approach is that the radius of influ- 
ence defines a zone of capture or containment, but not a 
region of remediation. The time for remediation is propor- 
tional to the ratio of hydrocarbon compound mass to volume 
of air flow through the targeted zone. Thus, air will be flow- 
ing to the extraction point inside the entire capture zone, in 
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the outer areas, the fiow rate will not be sufficient to achieve 
the remedial goals, and remediation rates at the “fringes” of 
the capture zone will be much slower. To increase the rate 
of remediation, the estimated radius can be reduced based 
on empirical data or prior experience at similar sites. 

4.4.3 SCREENING MODEL ANALYSES 

Estimating the recovery of residual LNAPL through vent- 
ing is another difficult process to model. Johnson et al. [ 191 
have developed a simple program, called HYPERVENTI- 
LATE, distributed by USEPA, which is user-friendly soft- 
ware that can guide the use of vapor extraction technology. 
The software guides the user through a structured thought 
process that involves the following steps: 

a. Identify and characterizing required site-specific data. 
b. Decide if soil venting is appropriate at a specific site. 
c. Evaluate air permeability test results and conducting 
aquifer performance tests. 
d. Calculate the minimum number of vapor extraction wells 
needed. 
e. Illustrate how the results at a specific site might differ 
from the ideal case. 

Both the mass removal rates and the radius of influence 
are evaluated so that the number of wells, well spacing, well 
head vacuum, flow rate, and treatment system requirements 
can be determined for the system design. This approach is 

effective in developing a system that will achieve site target 
levels in a reasonable time frame, be cost-effective, and 
meet regulatory requirements. The approach requires a 
higher level of expertise, but can yield more successful 
results in the long run. A listing of the approaches to SVE 
optimization and their data requirements are presented in 
Tables 2,4, and 5. 

4.4.4 DETAILED MODELING ANALYSIS 

The detailed modeling approach is generally used on 
large sites with complex hydrogeology. Models are used to 
simulate vapor fiow paths, flow rates, and removal rates 
from the subsurface. This approach uses the site assess- 
ment, pilot test, and concentration data to develop an opti- 
mal design for the vapor extraction and treatment system, 
and requires the highest level of expertise. 

A model, called AIR3D, has been developed by Joss and 
Baehr (1992). This model uses the MODFLOW model 
(McDonald and Harbaugh, 1988) to simulate the movement 
of air in the unsaturated zone. AIR3D is a three-dimen- 
sional model that can be used to evaluate the effectiveness 
of venting wells and trenches in a complex system. AIR3D 
also contains an optimization module to help the modeler to 
determine the minimum number of wells andor trenches 
needed to contain a certain residual volume. Information on 
these models and their data requirements are presented in 
Tables 2,4, and 5. 

Table !+Summary Matrix of Venting Models (From EPA Workshop, January 1993) 
~ ~ ~ 

Model Model 
Name 5 P e  Developer Availability Applications output 

Hyper Screening 
Ventilate 

Venting Screening 

CSUGAS 3-D Finite 
Diffmnœ 
Vapor Flow 

Airflow 2-D Finite Element 
Radial Symmehic 
Airflow 

radial-symmetric 
airflow 

Diffmncc 

Airttst 2-DAnalytical 

AIRiD 3-Dpinite 

Shell Development Distributed by 
westhollow EPNOUST 
Research Center 

Envuonmental systems Available to public; 

Colorado State University Available to public; 

and Technologies, inc. $300 

Civil Engineering $125 
Depaitment 

Waterloo Hydrologic Software Available to public; 
$700 

A. L. Baehr, C. J. Joss 
DIexel University 

Test Phase 

American Petroleum institute Distributed by API 

Feasibility of SVE use; qualitative Estimates of flow rates; removal 
rates; residual concentrations; 
number of wells required 

Feasibility of SVE use; qualitative Mass removal rate curve for 
each spill component 

Quantitative estimate of design 

estimates of cleanup time and 
some design parameters 

estimate of cleanup times 

parameters system Row 
Soil pressure distribution; total 

Quantitative estimate of vapor 
pressure flow at steady state 

Soil pressure distribution, total 
system Row 

Quantitative estimate of pressure Permeability, pressure distribu- 
and flow estimate tion and flow 

Quantitative estimate of pressure Permeability, pressure distribu- 
and flow tion and Row 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~ ~ 

A P I  PUBL*Lb28C 9b = 0732290 0559173 293 

OPTIMIZATION OF HYDROCARBON RECOVERY 17 

SECTION 5-ADDITIONAL CONSIDERATIONS 

5.1 Coupling of Systems 
In each of the above sections, the basic approaches to 

remediation were discussed separately. In many instances, 
coupling the various technologies enables site remedial 
goais and closure be achieved more rapidly. For instance, 
LNAPL recovery systems and SVE can be implemented 
together to enhance removal of LNAPLs and begin volatil- 
ization of residuais concurrently. In terms of the optimiza- 
tion of combined systems, there are no standard techniques 
available that take into account dissolved, liquid, and vapor 
phase remedial evaluation simultaneously. Optimization of 
these systems is usually evaluated separately, as discussed 
above; areas where savings on duplication can be realized 
are then incorporated into the system design. Coupling of 
systems can be a very effective technique to reduce reme- 
dial time frames, and it should be an approach that is eval- 
uated during the design or later evaluation phases of a 
project. 

5.2 Cost Considerations in Optimization 
In each of the approaches to optimization presented, one 

of the key factors to evaluating the optimum solution is the 
the overall cost of the solution. To adequately evaluate 
and compare various remedial scenarios on a cost basis, 
the long-term O&M costs associated with the system over 
its operational life must also be taken into account with the 
initial capital costs. Another consideration is that a less 
expensive approach could be currently taken with the 
knowledge that an additional expenditure would be 
required in the future, or a larger sum could be currently 
spent to correct the problem. The question is: which 
approach is better from an economic perspective? "Present 
value" analyses can be used to answer these types of ques- 
tions. The basic concept in the use of present value is to 
bring the expenditure of future dollars into today's dollars, 
that is, the equivalence of any future amount to any present 
amount. 

5.2.1 EXAMPLE #1: PRESENT WORTH OF A 
FUTURE AMOUNT 

An example of a present-worth analysis is to evaluate 
two remedial alternatives in which one calls for a larger 
expenditure at a future date. An organization can spend 
$150,000 now on a system that will remediate a given site. 
Alternatively, the organization can spend $10,000 now to 
satisfy initial regulatory requirements deferring installa- 
tion of a more expensive remedial system costing 
$200,000 can be installed in five years. Which option is 
less costly, assuming interest at 6 percent compounded 
annually? 

Option A: 

$150,000 O 
Present Worth (Option A) = $150,000 

Option B: 

$lO,OOo $200,000 
Present Worth (Option B) = $10,000 + $200,000 (P/Fi,J; 

Where: 
i = interest rate. 
n = number of years. 

The present worth (P) of a future value (F) (P/Fi,") is calcu- 
lated as follows: 

P = F  [-] 1 

(i +i )"  

P = F (.747) 

P = 200, o00 (.747) 

P = 149,451 

Present Worth = 10,OOO + 149,451 = 159,45 

Based solely on the capital expenditures, Option A would 
be less expensive. 

5.2.2 EXAMPLE #2: PRESENT WORTH OF 
ANNUAL O&M COSTS 

Another common example is the comparison of the capi- 
tal cost of equipment and the associated O&M costs. A 
company has the option of purchasing a $10,000 piece of 
equipment now and maintaining it at a cost of $6,000 per 
year or paying $30,000 for a lower maintenance piece of 
equipment and maintaining it at a cost of $1,000 per year. 
If, at the end of five years, the salvage value is zero and the 
interest expense is 6 percent compounded annually, which is 
less expensive? 

Option A: 

A =  $6,000 $6,000 $6,000 $6,000 $6,000 n=5years 

I 
c = $10,000 

Option B: 

I s = o  
O 
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A =  $l,OOO $l,OOO $l,ooO $l,OOO $l,OOO n=5years ' O s = o  
C = $30,000 

This solution requires a uniform series present-worth 
analysis. The present worth (P)  of an annual cost (invest- 
ment) (A) is calculated as follows (HA¡+): 

Option A: 

1 ( i  +i)"- i  

i ( 1  +i)" 

06 1 + .06~ 

P = A (  

5 

1 ( 1  + .06) - 1 P=6,000( 

33 
.O8 P =  6,000 (-) 

P = 6,000 (4.212) = $25,272 

Total Cost = $10,000 + 25,212 = 35,272 

Option B: 

1 ( i  +i)"- i 

i ( i +  i)" 
P = A (  

P = 1,000 (4.212) = 4,212 

Total Cost = $30,000 + 4,212 = 34,212 

Economically, Option B is the better choice as it has the 
smallest equivalent present cost. 

These are very simple examples of how economic analy- 
sis can be used to aid in evaluating remedial options. This is 
a very important consideration that is often overlooked in 
evaluating scenarios, although there are many other man- 
agement criteria that must be considered in addition to these 
economic considerations. For more information on engi- 
neering economic analysis, refer to E Stermole's book [21]. 

5.3 Optimization Questions 
To determine if the syste.n has been optimized, you 

should have answers to the following questions: 

a. Have remediation goals been established? 
1. End result. 
2. Clean up target levels. 
3. Approach. 
4. Financial resources available. 
5. Time frame. 

b. Have evaluation criteria been defined to determine effec- 
tiveness/monitoring requirements? 
c. Has the level of optimization been determined, based on 
site complexity, management issues, and exposure (see Sec- 
tion 3.3)? 
d. Have data collection requirements been met for selected 
optimization? 
e. Has the method for optimization been selected and 
implemented? 
f. Has the economic cost, capital, and O&M been evaluated? 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



~~ 

A P I  PUBL*Lb2BC 96 0732290 0559375 Obb 

APPENDIX A-BIBLIOGRAPHY 

A.l Text References 
1. API, Publication 1628, A Guide to the Assessment and 
Remediation of Underground Petroleum Releases, Second 
Edition, August 1989. 

2. C.Y. Chiang and M.W. Kemblowski, “Hydrocarbon 
Thickness Fluctuations in Monitoring Well,” Groundwater; 
1990, Volume 28. 

3. A.M. Farr, R. J. Houghtalen, and D.B. McWhorter. “Vol- 
ume Estimation of Light Nonaqueous Phase Liquids in 
Porous Media,” Groundwater, 1990. Vol. 28 (i), pp. 48-56. 

4. H. Bouwer, Groundwater Hydrology, McGraw-Hill, 1978. 

5. F.G. Driscoll, Groundwater and Wells, Johnson Division, 
MN, 1986. 

6. G.P. Kruseman and N.A. de Ridder, “Analysis and Evalu- 
ation of Pumping Test Data,” International Institute for Land 
Reclamation and Improvement, Publication 47, The Nether- 
lands, 1990. 

7. J.F. Keely and C.F. Tsang, “Velocity Plots and Capture 
Zones of Pumping Centers for Ground-Water Investiga- 
tions,” Ground Water, 1983,Vol. 21, No. 6, pp. 701-714. 

8. J.O. Rumbaugh and L.L. Ruskauff, Geraghs, 8( Miller 
Modeling Survey: Analysis of May 1992 Survey Results, 
Geraghty & Miller, Inc., Reston, VA, 1993. 

9. J.O. Rumbaugh, Quick Flow: An Analytical Ground- Water 
Flow Model, Geraghty & Miller, Inc., Reston, VA, 1991. 

10. T. Franz, and N. Guiguer, FLOWPATH: Steady-State Two- 
Dimensional Horizontal Aquifer Simulation Model, Waterloo 
Hydrogeologic Software, Waterloo, ON, Canada, 1992. 

1 1 .  M.G. McDonald, and A.W. Harbaugh, “A Modular 
Three-Dimensional Finite-Difference Ground-Water Flow 
Model,” U.S. Geological Survey TWRI, Chapter 6-A1, 
1988. 

12. D. Pollock, “Documentation of Computer Programs to 
Compute and Display Pathlines Using Results from the U.S. 
Geological Survey Modular Three-Dimensional Finite-Dif- 
ference Groundwater Flow Model,” U.S. Geological Survey 
OFR 89-381, Reston, VA, 1989. 

13. M.P. Anderson and W.W. Woessner, Applied Ground- 
water Modeling, Academic Press, Inc., San Diego, CA, 1992. 

14. C.Y. Chiang, J.P. Nevin, and R.J. Charbeneau, “Optimal 
Free Hydrocarbon Recovery from a Single Pumping Weil,” 
Proceedings of the 1990 Petroleum Hydrocarbons and 
Organic Chemicals in Ground Water: Prevention, Detec- 
tion, and Restoration, Houston, TX, 1990, pp. 161-178. 

15. R.J. Charbeneau, C.Y. Chiang, J.P. Nevin, C.L. Klein, 
and N. Wanakule. “A Two-Layer Model to Simulate Float- 
ing Free Product Recovery: Formulation and Applications,” 
NWWNAPI Conference on Petroleum Hydrocarbons and 
Organic Chemicals in Groundwater, Houston, TX, Novem- 
ber 15-17, 1989, pp. 333-346. 

16. Environmental Systems & Technologies, Inc., ARMOS: 
Areal Multiphase Organic Simulator for Free Phase Hydro- 
carbon Migration and Recovery, Version 1 .O, Blacksburg, 
VA, 1989. 

17. Environmental Systems & Technologies, Inc., 
MOTRANS: A Finite Element Model for Multiphase 
Organic Chemical Flow and Multispecies Transport, Ver- 
Sion 1 . 1 ,  Blacksburg, VA, 1990. 

18. U.S. Environmental Protection Agency, LIST Corrective 
Action Workshop Free Product Recovery and Residual 
Hydrocarbon Removal, EPA Office of Research and Devel- 
opment, Risk Reduction Engineering Laboratory (RREL), 
Contract No. 68-C2-0108, 1993. 

19. P.C. Johnson, C.C. Stanley, M.W. Kemblowski, J.D. 
Colhart, and D.L. Beyers, “A Practical Approach to the 
Design, Operation, and Monitoring of Soil Venting Sys- 
tems,” Ground Water Monitoring Review, Spring 1990, pp. 

20. C.J. Joss and A.L. Baeht, AIRFLOW: An Adaptation of 
the Ground Water Flow Code MODFLOW to Simulate 
Three-Dimensional Air Flow in the Unsaturated Zone, 
American Petroleum Institute, Washington, D.C., 1992. 

21. F. J. Stermole, Economic Evaluation and Investment 
Decision Methods, Investment Evaluations Corporation, 
CO. 1974. 

159- 178. 

A.2 Table References 
22. L.J. Lefkoff and S.M. Gorelick, “AQMAN: Linear and 
Quadratic Programming Matrix Generator Using N o -  
Dimensional Ground-Water Flow Simulation for Aquifer 
Management Modeling,” U.S. Geological Survey WRI 
Report 87-4061, 1987. 

23. G.T. Yeh, AT123D: Analytical Transient One-, TWO, 
and Three-Dimensional Simulation of Waste Transpon in 
the Aquifer System, ORNL-5602, Oak Ridge National Labo- 
ratory, Oak Ridge, TN, 198 1. 

24. H.S. Rifai, P.B. Bedient, R.C.Borden, and J.F. Haas- 
beek, BIOPLUME II: Computer Model of Two-Dimenswnal 
Contaminant Transport Under the Injuence of Oxygen fim- 
ited Biodegradation in Ground Watel; National Center for 
Ground Water Research, Rice University, Houston, TX, 1987. 

19 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



A P I  PUBLXLh28C 9b 0732290 0 5 5 î L 7 b  T T 2  

20 API PUBLICATION 1628C 

25. B. Bonn, and S .  Rounds, Dream-Analytical Flow Pro- 
gram, Lewis Publishers, 1990. 

26. K.L. Kipp, “HST3D: A Computer Code for Simulation 
of Heat and Solute Transport in Three-Dimensional 
Ground-Water Flow Systems,” U.S. Geological Survey WRI 
Report 86-4095, 1987. 

27. L.F. Konikow and J.D. Bredehoeft, “Computer Model of 
Two-Dimensional Solute Transport and Dispersion in 
Ground Water,” U.S. Geological Survey TWRI, Chapter C2, 
Book 7,1978. 

28. C. Zheng, MT3D: A Modular Three-Dimensional 
Transport Model for Simulation of Advection, Dispersion, 
and Chemical Reactions of Contaminants in Ground- Water 
System, U.S. Environmental Protection Agency, R.S. Kerr 
Environmental Research Laboratory, Ada, OK, 1990. 

29. T.A. Prickett and C.G. Lonnquist, “Selected Digital 
Computer Techniques for Groundwater Resource Evalua- 
tion,” Illinois State Water Survey, Bulletin 55, 197 1. 

30. Geraghty & Miller, Inc. Quickfow, A Two Dimensional, 
Analytical Interactive Groundwater Flow Model, Geraghty 
& Miller, Inc., Reston, VA, 1992. 

31. T.A. Prickett, T.G. Naymik, and C.G. Lonnquist, “A 
‘Random Walk’ Solute Transport Model for Selected 
Groundwater Quality Evaluations,” Illinois State Water Sur- 
vey, Bulletin 65, 1981. 

32. I. Javandel, C. Doughty, and C.F. Tsang, Groundwater 
Transport: Handbook of Mathematical Models, Water 
Resources Monograph 10, American Geophysical Union, 
Washington, D.C., 1984. 

33. M. Reeves, D.S. Ward, N.D. Johns, and R.M. Cranwell, 
Theory and Implementation for SWIFT II: The Sandia 
Waste-Isolation Flow and Transport Model for Fractured 
Media, U.S. Nuclear Regulatory Commission, NUREGKR- 
3328,1986. 

A.3 Other References 
34. J. Bear, Hydraulics of Groundwater; McGraw-Hill, New 
York, NY, 1979. 

35. Chevron Research and Technology Company, Vapor 
Extraction System Performance Study, Chevron U S A  Inc., 
1991. 

36. R.A. Freeze and J.A. Cherry, Groundwatel; Prentice- 
Hall, Inc., Englewood Cliffs, NJ, 1979. 

37. “Petroleum Hydrocarbons and Organic Chemicals in 
Groundwater,” Proceedings of the NWWNAPI Conference, 
November 1990, Houston, Texas, National Water Well 
Association, Dublin, OH, 1990. 

38. D.K. Todd, Groundwater Hydrology, John Wiley & 
Sons, New York, NY, 1980. 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



A P I  PUBL*Lb28C 96 0732290 0559377 939 D 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~~ 

API PUBL*:Lb28C 96 0732290 0559178 875 

Additional copies available from API Publications and Distribution: 

Information about API Publlcations, Programs and Services is 
available on the World Wde Web at: httpfhww.apl.org 

(202) 682-8375 

American 1220 L Street, Northwest 
Petroleum Washington, D.C. 20005-4070 
Institute 202-682-8000 Order No. A l  628C 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-


