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PREFACE

This work was performed for the U.S. Environmental Protection Agency (U.S. EPA) under Dynamac Contract No.
68-C4-0031.  The technical work was performed by HSI GeoTrans under Subcontract No. S-0K00-001.  The final
report is presented in two volumes:

• Volume 1: Pre-Optimization Screening (Method and Demonstration)
• Volume 2: Application of Hydraulic Optimization

Volume 1 provides a spreadsheet screening approach for comparing costs of alternative pump-and-treat designs. 
The purpose of the screening analysis is to quickly determine if significant cost savings might be achieved by
modifying an existing or planned pump-and-treat system, and to prioritize subsequent design efforts.  The method is
demonstrated for three sites.  Volume 1 is intended for a very broad audience.  

Volume 2 describes the application of hydraulic optimization for improving pump-and-treat designs.  Hydraulic
optimization combines groundwater flow simulation with linear and/or mixed-integer programming, to determine
the best well locations and well rates subject to site-specific constraints.  The same three sites presented in Volume
1 are used to demonstrate the hydraulic optimization technology in Volume 2.  Volume 2 is intended for a more
technical audience than Volume 1.

The author extends thanks to stakeholders associated with the following three sites, for providing information used
in this study:

• Chemical Facility, Kentucky
• Tooele Army Depot, Tooele, Utah
• Offutt Air Force Base, Bellevue, Nebraska

At the request of the facility, the name of the Kentucky site is not specified in this report.

Information was provided for each site at a specific point in time, with the understanding that new information, if
subsequently gathered, would not be incorporated into this study.  Updated information might include, for instance,
revisions to plume definition, remediation cost estimates, or groundwater models.

The author also extends thanks to Kathy Yager of the U.S. EPA Technology Innovation Office (TIO) and Dave
Burden of the U.S. EPA Subsurface Protection and Remediation Division (SPRD), for their support.  Finally, the
author extends thanks to the participants of the three Stakeholder Workshops for providing constructive comments
during the course of the project.
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EXECUTIVE SUMMARY

Hydraulic optimization couples simulations of groundwater flow with optimization techniques such as
linear and mixed-integer programming.  Hydraulic optimization allows all potential combinations of well
rates at specific locations to be mathematically evaluated with respect to an objective function (e.g.,
minimize total pumping) and series of constraints (e.g., the plume must be contained).  The hydraulic
optimization code quickly determines the best set of well rates, such that the objective function is
minimized and all constraints are satisfied. 

For this document, the term “optimization” for pump-and-treat design was refined as follows:

Mathematical Optimal Solution.  The best solution, determined with a  mathematical
optimization technique, for a specific mathematical formulation (defined by a specific objective
function and set of constraints); and

Preferred Management Solution.  A preferred management strategy based on a discrete set of
mathematical optimal solutions, as well as on factors (e.g., costs, risks, uncertainties,
impediments to change) not explicitly considered in those mathematical solutions. 

For this demonstration project, hydraulic optimization was applied at three sites with existing pump-and-
treat systems.  For each case study, many mathematical formulations were developed, and many
mathematical optimal solutions were determined.  For each site, a  preferred management solution was
then suggested.  The three sites can be summarized as follows:

Site
Existing 

Pumping Rate
Cost

Per gpm
Potential Savings from
System Modification

Kentucky Moderate High $Millions

Tooele High Low $Millions

Offutt Low Low Little or None

At two of the sites (Kentucky and Tooele), pumping solutions were obtained that have the potential to
yield millions of dollars of savings, relative to costs associated with the current pumping rates.

In cases where only a few well locations are considered, the benefits of hydraulic optimization are
diminished.  In those cases, a good modeler may achieve near-optimal (or optimal) solutions by
performing trial-and-error simulations.  This was demonstrated by the Offutt case study.  However, as the
number of potential well locations increases, it becomes more likely that hydraulic optimization will
yield improved pumping solutions, relative to a trial-and-error approach.  This was demonstrated by
potential pumping rate reductions suggested by the hydraulic optimization results for the Kentucky and
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Tooele case studies.

These case studies illustrate a variety of strategies for evaluating pump-and-treat designs with hydraulic
optimization.   Components of mathematical formulations demonstrated with these case studies include: 

Item Demonstrated Kentucky Tooele Offutt

objective function minimizes total pumping X X X

objective function minimizes cost X

multi-aquifer wells X X

plume containment with head limits X

plume containment with head difference limits X X

plume containment with relative gradient limits X X

integer constraints (limiting # of wells selected) X X X

sensitivity of solutions to # of wells selected X X X

scenario for “containment only” X X X

scenarios with core zone extraction X X X

“containment efficiency” of core zone wells evaluated X X

multiple target containment zones X

reinjection of treated water X

sensitivity of solutions to conservatism of constraints X

sensitivity of solution to non-managed stresses X

For each of the three case studies, an analysis was performed to illustrate the sensitivity of mathematical
optimal solutions to limits placed on the number of wells.  For each of the three case studies, an analysis
was also performed to evaluate changes in the mathematical optimal solution when new well locations
were considered.   For the Kentucky site, an analysis was performed to illustrate the sensitivity of the
mathematical optimal solution to conservatism in the constraints representing plume containment.  All of
these types of analyses can be efficiently conducted with hydraulic optimization techniques.  In most
cases, these types of analyses are difficult (if not impossible) to comprehensively perform with a trial-
and-error approach.  It is important to note that the case studies presented in this report are for facilities
with existing pump-and-treat systems.  Mathematical optimization techniques can also be applied 
during initial system design, to generate improved solutions versus a trial-and-error approach. 
  
Hydraulic optimization cannot incorporate simulations of contaminant concentrations or cleanup time. 
For that reason, hydraulic optimization is generally most applicable to problems where plume
containment is the prominent goal.  However, two of the case studies (Kentucky and Offutt) illustrate
that hydraulic optimization can be used to determine the “containment efficiency” of wells placed in the
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core zone of a plume.  This type of analysis can be performed to compare a “containment only” strategy
to a strategy with additional core zone wells (to accelerate mass removal).  The  “containment efficiency”
of the core zone wells, determined with hydraulic optimization, quantifies potential pumping reductions
at containment wells when the core zone pumping is added, such that containment is maintained.  These
pumping reductions (also difficult or impossible to determine with a trial-and-error approach) can
potentially yield considerable savings, as demonstrated for the Kentucky site.

It is very important to distinguish the benefits of applying hydraulic optimization technology from other
benefits that may be achieved simply by “re-visiting” an existing pump-and-treat design.  In some cases,
the underlying benefits associated with a system modification may be primarily due to a modified
conceptual strategy.  For instance, the Tooele case study includes analyses for different target
containment zones.  The potential pumping reductions and cost savings that result from a change to a
smaller target containment zone primarily result from the change in conceptual strategy.  The benefit
provided by hydraulic optimization is that it allows mathematical optimal solutions for each conceptual
strategy to be efficiently calculated and compared (whereas good solutions for each conceptual strategy
may be difficult or impossible to achieve with trial-and-error).

The case studies demonstrate that there are a large variety of objective functions, constraints, and
application strategies potentially available within the context of hydraulic optimization.  Therefore, the
development of a “preferred management solution” for a specific site depends not only on the availability
of hydraulic optimization technology, but also on the ability to formulate meaningful mathematical
formulations.  That ability is a function of the skill and experience of the individuals performing the
work, as well as the quality of site-specific information available to them. 

These case studies demonstrate ways in which hydraulic optimization techniques can be applied to
evaluate pump-and-treat designs.  The types of analyses performed for these three sites can be applied to
a wide variety of sites where pump-and-treat systems currently exist or are being considered.  However,
the results of any particular hydraulic optimization analysis are highly site-specific, and are difficult to
generalize.  For instance, a hydraulic optimization analysis at one site may indicate that the installation of
new wells yields little benefit.  That result cannot be generally applied to all sites.  Rather, a site-specific
analysis for each site is required.  A spreadsheet-based screening analysis (presented in Volume 1 of this
report) can be used to quickly determine if significant cost savings are likely to be achieved at a site by
reducing total pumping rate.  Those sites are good candidates for a hydraulic optimization analysis. 
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1.0    INTRODUCTION

This report (Volume 2 of 2) demonstrates the application of hydraulic optimization for improving the
design of pump-and-treat systems.  “Hydraulic Optimization” refers to the use of mathematical
optimization techniques (linear or mixed-integer programming), linked with a groundwater flow model,
to determine the best set of well locations and well rates for a pump-and-treat design.  The goal of this
demonstration is to highlight strategies for applying hydraulic optimization techniques.  The work
presented herein was  commissioned by the U.S. EPA Subsurface Protection and Remediation Division
(SPRD) and the U.S. EPA Technology Innovation Office (TIO).  

1.1 PURPOSE OF PERFORMING HYDRAULIC OPTIMIZATION

Numerical simulation models for groundwater flow, such as MODFLOW-96 (Harbaugh and McDonald,
1996a,b), are often used to evaluate potential pump-and-treat system designs.   The groundwater model is
executed repeatedly to simulate different pumping scenarios.   Specific scenarios (i.e., the well locations
and well rates) are usually defined with a “trial-and-error” approach, guided by professional insight.  The
simulation results for each scenario are evaluated with respect to objectives and constraints of the specific
problem (e.g., Does the design contain the plume? Are drawdowns acceptable? What is the total pumping
rate?  How many new wells are required?).  

One disadvantage of the “trial-and-error” flow modeling approach is that problem-specific objectives and
constraints are often not clearly stated.  This makes selection of the “best” strategy somewhat nebulous.
Perhaps more significantly, the “trial-and-error” approach does not ensure that optimal management
alternatives are even considered.  This is because the potential combinations of well locations and well
rates is infinite, whereas only a small number of numerical simulations is practical.  

Hydraulic optimization is an attractive alternative to the “trial-and-error” flow modeling approach. 
Hydraulic optimization yields answers to the following groundwater management questions: (1) where
should pumping and injection wells be located, and (2) at what rate should water be extracted or injected
at each well?  The optimal solution maximizes or minimizes a formally-stated objective function, and
satisfies a formally-stated set of constraints.  For example, the objective function may be to minimize the
total pumping rate from all wells, and constraints might consist of limits on heads, drawdowns, gradients,
and pumping rates at individual wells.

Unlike the “trial-and-error” approach, the use of hydraulic optimization requires a formal statement of a
site-specific objective function, and a site-specific set of constraints.  This clarifies the evaluation of
different scenarios, to determine which is “best”.  More significantly, hydraulic optimization allows all
potential combinations of well rates and all potential well locations to be rigorously evaluated, rather than
the small number of scenarios that can be considered with “trial-and-error”.
   

1.2 CASE STUDY EXAMPLES

Three sites with existing pump-and-treat systems were evaluated in this study:

• Chemical Facility, Kentucky (hereafter called “Kentucky”);
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• Tooele Army Depot, Tooele, Utah (hereafter called “Tooele”); and 
• Offutt Air Force Base, Bellevue, Nebraska (hereafter called “Offutt”).

A brief comparison of the three sites is provided below:

Kentucky Tooele Offutt

Pumping rate, current system (gpm) 600 7500 200

Annual Operations & Maintenance (O&M) $1,800,000(1) $1,800,000 $122,000

Type of treatment Steam Stripping Air Stripping POTW(2)

Discharge of treated water River Reinjection N/A

Most significant annual cost Steam Electricity Discharge Fee

Year system started 1992 1993 1996(3)

Cost of a new well $20,000 $300,000 $40,000

Flow model exists? Yes Yes Yes

Transport model exists? No Being Developed Yes
(1) Does not include analytical costs.
(2) Water is treated at a Publicly Owned Treatment Works.
(3) An interim system has operated since 1996, and a long-term system has been designed.

Three sites were included in this study to demonstrate different strategies for applying hydraulic
optimization that result from site-specific factors.

1.3 STRUCTURE OF THIS REPORT

This report is structured as follows:   

• Section 2: Defining “Optimization”
• Section 3: Application Strategies For Hydraulic Optimization
• Section 4: Case #1: Kentucky
• Section 5: Case #2: Tooele
• Section 6: Case #3: Offutt
• Section 7: Discussion and Conclusions
• Section 8: References

The MODMAN code (Greenwald, 1998a), in conjunction with the LINDO software (Lindo Systems,
1996), was utilized for the hydraulic optimization simulations.  MODMAN incorporates MODFLOW-96
(Harbaugh and McDonald, 1996a,b) as the groundwater flow simulator.  LINDO solves mathematical
optimization problems that are created by MODMAN, in the form of linear and mixed-integer programs. 
The linear and mixed-integer programs are written by MODMAN  in Mathematical Programming System
(MPS) format.  A description of the MODMAN code is provided in Appendix A.
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2.0    DEFINING “OPTIMIZATION”

2.1 TERMINOLOGY (LINEAR AND MIXED-INTEGER PROGRAMMING) 

The word “optimal”, according to Webster’s New World Dictionary, means “most favorable or desirable;
best”.   Mathematical techniques have been developed to determine optimal solutions for a wide variety of
mathematical problems.  For instance, consider the following mathematical problem, which is in the form
of a linear program:

Maximize 3x + 5y {Objective Function}

Subject to:
 x #   4 {Constraints}

2y # 12            
3x    +   2y   # 18
  x $   0

  y $   0

The decision variables are the variables for which optimal values are desired.  A feasible solution is a
combination of values for the decision variables that satisfies all constraints.  If there are no feasible
solutions, the problem is called infeasible.  A feasible solution that maximizes the objective function is
called an optimal solution. The optimal solution for this problem is “x = 2,  y = 6", which yields an
optimal value of 36 for the objective function.  It can be mathematically demonstrated that this is the most
favorable (i.e., optimal) solution.

A mixed-integer program is similar to a linear program, but some variables may only take integer values
(integer variables).  Integer variables that are restricted to values of 0 or 1 are called binary variables. 
Binary variables are often used for logical or yes/no decisions.

A quadratic program is similar to a linear program, except that the objective function may be a nonlinear
combination of the decision variables.  Examples of nonlinear combinations of decision variables are:

2X + Y2

X4 - 6Y3

X + 4XY

A nonlinear program exists when one or more constraints is a nonlinear combination of decision
variables.  In a nonlinear program, the objective function may be a linear or nonlinear combination of
decision variables.  

In general, linear programs are relatively easy to solve, quadratic programs are harder to solve, and
nonlinear programs are difficult and sometimes impossible to solve.  Mixed-integer programs can be
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relatively simple to solve, but can also be extremely difficult to solve.  As a rule, mixed-integer programs
become increasingly difficult to solve as the number of integer variables increases.

2.2 SIMULATION-MANAGEMENT MODELING FOR GROUNDWATER SYSTEMS

There is a significant body of literature devoted to the coupling of groundwater simulation models with
the mathematical optimization techniques described above, for the purpose of designing groundwater
pump-and-treat systems.  These coupled models are referred to as “simulation-management models”.  The
goal is to determine a set of well locations and well rates that minimizes or maximizes an objective
function (e.g., “minimize total pumping rate”), while satisfying all pertinent constraints (e.g., “the plume
may not grow in size”).   To utilize these simulation-management models, the user must formulate a
mathematical problem to solve.  The mathematical formulation includes a specific objective function and
a specific set of constraints.  The objective function and/or constraints are related to the well rates through
the groundwater simulation model. 

Different “optimal solutions” will result if the mathematical formulation is modified (Gorelick et. al.,
1993, page 136).   Modifications might include alterations to the objective function, the constraint set, or
the underlying simulation model. For example, one formulation may include only existing wells, another
formulation may include existing wells plus new wells, and a third formulation may include existing wells
plus a barrier wall.  Those authors suggest that “the best use of [simulation-management modeling] is to
develop a family of so-called ‘optimal solutions’ under a broad and varied menu of design
considerations”.

2.3 “MATHEMATICAL OPTIMAL SOLUTION” VERSUS “PREFERRED MANAGEMENT SOLUTION” 

The term “optimization” can be vague when applied to pump-and-treat designs.  In one sense,
“optimization” refers to the use of mathematical solution techniques to determine the best solution for a
specific mathematical formulation.   In another sense, “optimization” refers to the process of arriving at a
preferred or improved management strategy, which may be based on multiple “optimal solutions” for
different mathematical formulations, as well as on factors that may not have been explicitly incorporated
in  mathematical solutions due to mathematical complexity (e.g., cleanup timeframe, discount rate).

For this document, the term “optimization” for pump-and-treat design was refined as follows:

Mathematical Optimal Solution.  The best solution, determined with a  mathematical optimization
technique, for a specific mathematical formulation (defined by a specific objective function and
set of constraints).

Preferred Management Solution.  A preferred management strategy based on a discrete set of
mathematical optimal solutions, as well as on factors (e.g., costs, risks, uncertainties, impediments
to change) not explicitly considered in those mathematical solutions. 

For each case study in this report, many mathematical formulations were developed, and many
mathematical optimal solutions were determined.  For each site, a  preferred management solution was
then suggested.  
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2.4 DETERMINISTIC HYDRAULIC OPTIMIZATION VERSUS MORE ADVANCED ALTERNATIVES

This demonstration project utilizes deterministic hydraulic optimization, which is a relatively simple and
easy-to-apply simulation-management method for the following reasons:

• Flow-Based Constraints. Limits on management alternatives are based on groundwater
flow conditions (e.g., heads, drawdowns, gradients), such that a transport simulation
model is not required, and linear or mixed-integer programming algorithms can be
employed (techniques incorporating contaminant concentrations and/or cleanup times as
constraints require nonlinear programming techniques, as discussed in Appendix B); and

•  Deterministic Simulations. Simulations of groundwater flow are based on one discrete
set of  initial conditions, boundary conditions, and parameter values (techniques
incorporating uncertainty and/or risk are discussed in Appendix C).

The use of deterministic hydraulic optimization has advantages and  limitations.  These are discussed
below.

2.4.1 Advantages of Deterministic Hydraulic Optimization

Advantages of deterministic hydraulic optimization include the following:

• for most sites with groundwater contamination, a deterministic flow model exists or can
be easily created at relatively low cost;

• many practitioners of groundwater modeling understand the application of groundwater
flow modeling, but have limited understanding or ability to apply transport modeling or
uncertainty (e.g., stochastic) modeling;  

• the construction of a groundwater transport model requires significantly more input than a
groundwater flow model (e.g., initial concentrations, dispersivity, retardation/sorption,
decay, porosity);

• predictions of groundwater flow are subject to less uncertainty than predictions of
contaminant concentrations and/or cleanup time (which form the basis of transport
optimization);

• computational effort for transport models and/or stochastic simulations can be
significantly greater than for groundwater flow models;

• tools for performing deterministic hydraulic optimization (e.g., MODMAN) are available
as “off-the-shelf” technology;

• solution of linear and/or mixed-integer programs associated with hydraulic optimization 
is straightforward and easily achieved with inexpensive “off-the-shelf” technology;
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• computational effort for solutions of nonlinear programs (e.g., transport optimization) is
significantly greater than for linear or mixed-integer programs.

For these reasons, real-world applications of hydraulic optimization have been performed for many years. 
Appendix D provides a partial listing of MODMAN applications.  Appendix I includes discussion and/or
references for real-world applications with other simulation-management codes, some of which pertain to
hydraulic optimization. 

2.4.2 Limitations of Deterministic Hydraulic Optimization
 
The limitations of deterministic hydraulic optimization must be considered when evaluating the potential
application of simulation-management modeling for a specific site.  Major limitations include:

• contaminant concentrations cannot be included in the mathematical formulation;

• cleanup time cannot be rigorously included in the mathematical formulation; 

• for thin unconfined aquifers (and several other circumstances), linear superposition
(which allows the use of linear programming techniques) may be violated; and  

• since a deterministic modeling approach is used, uncertainty in model parameters cannot
be directly incorporated into the mathematical formulation (e.g., one cannot specify that
“the constraint must be met with 95% certainty, given anticipated variation in hydraulic
conductivity”).

Because contaminant concentrations and cleanup times cannot be included in the mathematical
formulation, hydraulic optimization is generally most applicable to problems where hydraulic containment
of a groundwater plume is the primary goal.  However, hydraulic optimization can be utilized to evaluate
some tradeoffs between containment strategies and more aggressive pumping strategies (discussed later).   

For sites where cleanup is the main objective, and predictions of contaminant concentrations or cleanup
time are central to evaluation of the objective function and/or key constraints, the limitations of hydraulic
optimization may be prohibitive.  Transport modeling and transport optimization may be applied in such
cases (see Appendix B). However, developing a transport simulation model and performing a transport-
based optimization analysis may require significantly effort and cost, and transport model predictions are
subject to additional uncertainties (relative to flow model predictions).

It is important to note that any simulation-management technique is limited by the predictive ability of the
underlying simulation model, which is not only affected by uncertainty in parameter values, but also by
available data, the conceptual hydrogeological model of the site, the experience of the modeler, input
errors, and many other factors.
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3.0    APPLICATION STRATEGIES FOR HYDRAULIC OPTIMIZATION

The use of hydraulic optimization for plume management requires the specification of a mathematical
formulation, consisting of an objective function and a series of constraints.  Various constraint types are
presented in Section 3.1, and various objective functions are presented in Section 3.2.  

Alternative pump-and-treat strategies for a specific site can be evaluated with hydraulic optimization by
defining and solving multiple mathematical formulations (e.g., considering only existing wells in one
formulation, and then considering additional well locations in another formulation).  Section 3.3 presents
typical variations that are considered by varying the mathematical formulation at a specific site.

3.1 CONSTRAINTS

3.1.1 Constraints Representing Plume Containment

One technique utilized in plume management problems uses a line of head difference, gradient, or velocity
constraints to represent a flow divide.  Such a strategy might be used in a case where a plume flows
towards a river.  The constraints would mandate that any feasible solution include a hydraulic divide
between the plume and the river. A similar scenario might involve a plume and one or more water supply
wells, where a flow divide between the plume and the water supply wells prevents contamination of the 
water supply.  An approach of this type, that uses velocity constraints to impose a groundwater flow
divide, is described by Colarullo et al. (1984).  Vertical flow can also be restricted with head difference
constraints, to prevent fouling of aquifers above and/or below a contaminated aquifer.

A second useful technique is to apply head difference, gradient, or velocity constraints to create inward
flow perpendicular to a plume boundary.  If desired, lower limits other than zero can be imposed, to
increase assurance that the plume will in fact be contained.  This type of technique is described by
Gorelick and Wagner (1986).  A variation of this technique, utilizing velocity constraints, was described
by Lefkoff and Gorelick (1986).  In that project, target boundaries of a shrinking plume were set for four
1-year periods.  The velocity constraints insured that these target boundaries were met.

Another technique allows flow directions to be constrained, using relative gradient constraints.  This
approach is illustrated by Greenwald (1998a), and is also described by Gorelick (1987).   These
constraints limit the direction of flow according to the resultant of two gradients, oriented 90o apart, that
share the same initial location.  The concept is illustrated in the schematic presented below.  There are two
gradient constraints, A and B.  The shared point is the initial point in each gradient constraint.  

The user typically desires the actual flow direction, defined by 1, to be greater than some limiting flow
direction (defined by angle ß in the schematic).  The constraint is derived as follows: 

                                     1 $ $
                                 tan1 $ tan$
                      GRAD(A) / GRAD(B)  =   tan1 [by trigonometry]
                    GRAD(A) / GRAD(B)  $   tan$       [substitute for tan1]

   GRAD(A)  -  tan$* GRAD(B)  $  0     [rearrange terms as a linear constraint]
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=RESULTANT OPTIMAL FLOW DIRECTION

GRAD (A)

GRAD (B)

=LIMITING FLOW DIRECTION

Conceptualization of a relative gradient constraint.

Conceptualization of a relative gradient constraint.
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3.1.2 Constraints Representing Multi-Aquifer Wells

Multi-aquifer wells in MODFLOW are wells that are screened in more than one model layer. 
Specification of these wells in MODFLOW presents a problem, because MODFLOW allows a well to be
specified only in one layer.  The technique most widely used is to represent a multi-aquifer well with
multiple wells in MODFLOW, with the rate at each MODFLOW well weighted by transmissivity in each
model layer.

Example: well pumps 100 gpm, and is screened in model layers 1 and 2

transmissivity of layer 1: 2500 ft2/d
transmissivity of layer 2: 7500 ft2/d

apportionment layer 1: 2500 / (2500 + 7500) = 25%
apportionment layer 2: 7500 / (2500 + 7500) = 75%

well rate layer 1 (Q1): 100 gpm * 25% = 25 gpm
well rate layer 2 (Q2): 100 gpm * 75% = 75 gpm

When performing hydraulic optimization, the ratio of well rates between layers can be preserved with
properly constructed constraints.  For the example above, the following constraint is derived:

Q2 / Q1 = 3.00
Q2 - 3.00Q1 = 0.00

This constraint is a linear function of the decision variables.  If pumping occurs at one of the wells, it must
also occur at the other well, at the proper ratio.  The total rate at the well can be limited by placing a
bound on either of the component wells, or on the sum of the component wells.  For instance, assume the
maximum rate to be allowed at the well is 200 gpm.  Any of the following constraints will enforce this
limit:

Q1  #  50 gpm
     - or -
Q2  # 150 gpm
     - or -
Q1 + Q2  # 200 gpm

This approach is easily extended to multi-aquifer wells screened across more than two layers.
 

3.1.3 Constraints Limiting Number of Wells Selected

This type of constraint is sometimes desirable when considering a large number of potential well locations
for siting a small number of wells.  For instance, assume the objective is to minimize the total extraction
rate, subject to plume containment constraints.  Suppose that only 2 wells are desired due to installation
costs and piping construction required, but 9 sites are being considered.  If an "x out of y" constraint is not
included, the optimal solution may be to pump at a small rate at all 9 wells, which is not a desirable
solution.
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Constraints limiting the number of wells selected can be implemented with two types of constraints: 

• well on/off constraints; and
• integer variable summation constraints.

The on/off constraints are constructed with binary variables, which are integer variables that can only
have a value of 0 or 1.  The on/off constraint for a well forces the binary variable to a value of 1 if the well
is on.   The form of the on/off constraint is :

          EXTRACTION                           INJECTION
             (Negative Well Rate)                   (Positive Well Rate)              
           Qj + M*Ij  $ 0                            Qj - M*Ij  # 0                         
where:

Qj  = rate at well j (negative for pumping);
M  = a large number with an absolute value greater than that of the largest well rate; and
Ij    = a binary variable acting as on/off switch for well j.

If Q has a non-zero value, the on/off constraint will only be satisfied if the binary variable is 1. 

The integer variable summation constraint, based on the binary variables, enforces the limit on the number
of active wells allowed.  For example, if there are nine potential well locations, but only two may be
selected, the integer summation constraint would be:

      I1 + I2 + I3 + I4 + I5 + I6  I7 + I8 + I9     #    2

This technique is describe in more detail in Greenwald (1998a).

3.1.4 Constraints Limiting Head at the Well

Groundwater flow models based on finite differences (e.g., MODFLOW) typically calculate head for a
representative volume (i.e., an entire grid block).  In some cases, it is important to constrain head at the
actual location of the well, as opposed to a representative head for larger grid block.  For instance, there
may be a legal restriction on allowable drawdown, or there may be a physical constraint associated with
too much drawdown such as drawing water below a pump.  Some hydraulic optimization codes (e.g.,
MODMAN) allow head limits to be imposed at a well and/or an entire grid block.  The calculations to
approximate head at the well are based on the Thiem equation, and are explained in detail on pages 9 to 10
of the USGS Finite-Difference Model for Aquifer Simulation in Two Dimensions (Trescott et al., 1976). 
It is important to recognize that the calculation of head in a well is based on many assumptions, such as:

• the grid block is square;

• all pumping is at one fully penetrating well, located in the center of the grid block;

• flow can be described by a steady-state equation with no source term except for the well
discharge;
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• the aquifer is homogeneous and isotropic within the grid block containing the well; and

• well losses are negligible.

Many of these assumptions are typically not met.  As a result, heads calculated at wells should be viewed
as a more accurate approximation of head at the well, but still an estimate nevertheless.

3.1.5 Other Common Constraints

Many other types of constraints can be represented within a hydraulic optimization formulation.  These
include:

• limits on head in specific grid cells;
• limits on drawdown at specific grid cells;
• limits on well rate at specific wells;
• limits on total well rates at combinations of wells; and
• limits on the difference between total pumping and total injection.

A description of constraint types that can be formed as linear functions of the well rates is presented in the
MODMAN documentation (Greenwald, 1998a).

3.2 OBJECTIVE FUNCTIONS

Optimization implies that different solutions are compared to each other, and that a determination can be
made as to which solution is best.  This comparison can be made by computing the value of an objective
function based on values of the decision variables for each solution (pumping/injection rates).  The
optimal solution is one that minimizes (or maximizes) the objective function.  

A general linear objective function for a steady-state plume management problem is:

Min   E ciQi + diIi            i=1,n                  

where:

n  = total number of pumping and/or injection wells
Qi = pumping or injection rate at well i
Ii = 1 if well i is active, 0 if well i is not active  
ci = coefficient for well i multiplied by pumping/injection rate at well i
di = addition to objective function if well i is active (pumping or injection)

The values for coefficients (ci and di) will depend on site-specifics factors related to the cost of pumping
water, treating water, discharging water, installing new wells, and other factors.  The general form of the
objective function is easily extended to transient cases (i.e., multiple stress periods, where pumping rates
are potentially altered each stress period).
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In many cases the objective function can be simplified, with many of the coefficients assigned values of 0
or 1.  An example of a simplified objective functions is: 

Min   E Qi     (e.g., minimize the total pumping rate)          i=1,n

The applicability of different forms of the objective function for specific types of sites is discussed below. 
Examples are provided to illustrate how different types of objective functions can be applied.

3.2.1 Objective Functions Based Indirectly on Costs (e.g., Minimize Pumping Rate)

The true objective of plume management is generally to minimize costs, subject to all constraints
associated with maintaining containment and/or providing satisfactory cleanup.  However, developing cost
functions that rigorously account for all costs associated with pumping, treatment, and discharge can be
difficult.  Fortunately, many problems can be evaluated with simple objective functions that are only
indirectly based on cost.  Examples include:

Min   E Qi     (e.g., minimize the total pumping rate)          i=1,n

Min   E Ii (e.g., minimize the number of active wells or new wells)          i=1,n

In these cases, the units of the objective function are not units of cost, although it is assumed that the
optimal solution will in fact minimize the total cost.

Minimizing the total pumping rate is appropriate when the cost of pumping, treating, or discharging the
water is rate-sensitive and is the dominant cost factor.  Minimizing the number of active wells is
appropriate if the number of pumps (e.g., electrical demand from pumping water) is the dominant cost
factor.  Minimizing the number of new wells is appropriate if the capital cost of installing a new well is
the dominant cost factor.

Despite the fact that these objectives do not rigorously consider cost, they can also be used, in conjunction
with appropriate constraints, to evaluate problems where some wells are qualitatively preferred to others. 
For example, assume an existing system has four extraction wells, and the treatment cost is sensitive to
total rate (i.e., minimizing total rate is the simplified objective).  At the same time, it may be qualitatively
preferable to pump from wells 1 and 2 (located near the source) than from wells 3 and 4 (located near the
toe of the plume).  This may occur because wells 1 and 2 remove more mass, or because it costs less to
pump at wells 1 and 2 due to depth to water and/or topographic lift back to the treatment plant.  Assume
this problem is initially evaluated with the following objective function:

Min Q1 + Q2 + Q3 + Q4 [minimize total pumping]
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and that the following optimal solution is determined (total pumping rate = 700 gpm) :

Q1 = 50 gpm Q3 = 250 gpm
Q2 = 30 gpm Q4 = 370 gpm

The tradeoff between increased total pumping rate versus additional pumping at the preferred wells can
then be evaluated with the same objective function, by adding a constraint:

Q1 + Q2 $ 100  gpm

The resulting optimal solution can then be compared to the original optimal solution.  This process can be
repeated with different limits assigned in the new constraint:

Constraint
Optimal Solution 

(Total Rate) Comments

Q1 + Q2 = 80  gpm 700 gpm Original problem

Q1 + Q2 $ 100  gpm 705 gpm Shift 20 gpm to preferred wells, total rate increases 5 gpm

Q1 + Q2 $ 200  gpm 720 gpm Shift 120 gpm  to preferred wells, total rate increases 20 gpm

Q1 + Q2 $ 300  gpm 850 gpm Shift 220 gpm to preferred wells, total rate increases 150 gpm

Q1 + Q2 $ 400  gpm 980 gpm Shift 320 gpm to preferred wells, total rate increases 280 gpm

Although the objective function for all of these problems (“minimize total pumping rate”) does not
directly account for cost, the tradeoff between increased total pumping rate versus the benefits of
increased pumping at the preferred wells can now be analyzed qualitatively.  In the example above, 120
gpm can be shifted to the preferred wells with only a small increase (20 gpm) in total pumping rate, which
qualitatively appears favorable.  The increased costs of treating an additional 20 gpm can presumably then
be estimated (external to the optimization problem that is actually solved) if a more detailed cost/benefit
analysis is desired. 

3.2.2 Objective Functions Based Directly on Costs

Direct consideration of costs in the objective function allows costs to be more quantitatively evaluated in
the determination of the optimal solution.  The objective function can be specified directly in units of cost
as follows:

Min   E ciQi + diIi            i=1,n                  

where: 
ci = approximate cost per unit pumping rate at well i
di = additional cost incurred if well i is active (e.g., well installation cost)
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Because actual cost functions are quite complex, simplifications are typically required to assign the
coefficients (ci and di).  An example is provided below. 

Assume a system has 4 existing extraction wells (wells 1 through 4), and that treatment consists of metals
precipitation, Ultraviolet (UV) oxidation, and GAC in series, followed by discharge to POTW (reinjection
is not an option).  Current total rate is 400 gpm. The current cost of treating water and discharging water is
$200K/yr.  Electrical cost is $10K/yr and monitoring cost is $100K/yr, but neither of these costs is
sensitive to pumping rate.  The goal is to contain the plume within the property boundary.  Up to three
new wells are to be considered (wells 5 through 7), but installation of a new well and associated piping
will cost approximately $50K per well.

The development of a simple cost function in terms of pumping rates is complicated for this problem,
because the cost of treating and discharging water is an annual cost, while the cost of installing a new well
is a one-time cost.  This can be resolved several different ways:

(1) annualize the one-time cost of installing a well over a specific planning horizon (e.g., if a
new well costs $50K to install, approximate it’s cost as $10K/yr over a 5 year planning
horizon), so the units of the objective function are “costs per year over a 5 year planning
horizon”; 

-or-

(2) multiply the annual costs of pumping and treating water by a specified time horizon (e.g.,
5 years) so the units of the objective function are  “total cost over 5 year period”.

Using the first approach as an example, a simplified objective function (based on cost) for the stated
problem is:

Min 500Q1 + 500Q2 + 500Q3 + 500Q4 + 500Q5 + 500Q6 + 500Q7

+ 10000I5 + 10000I6 + 10000I7

where:
500  = approximate cost (in dollars/yr) to treat/discharge 1 gpm of water
10000 = approximate cost (in dollars/yr) to install a new well (annualized for 5 yrs)
Qi = pumping rate at well i (in gpm)
Ii = 1 if new well i is installed (i.e., active)

This objective function minimizes annual cost, over a 5-year period.  Up-front and annual costs are
simultaneously considered and rigorously evaluated within the optimization process.  Of course, this cost
function includes simplifications, such as the simple annualization of the one-time costs over a five-year
period.  However, it still provides a reasonable cost-based framework for comparing alternate strategies
(in this case, the tradeoff between potential pumpage reductions from a new well versus the costs of
installing that well). 

Using the second approach, a simplified objective function (based on cost) for the stated problem is:
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Min 2500Q1 + 2500Q2 + 2500Q3 + 2500Q4 + 2500Q5 + 2500Q6 +
+ 2500Q7 + 50000I5 + 50000I6 + 50000I7

where:
2500  = approximate cost (in dollars) to treat/discharge 1 gpm of water for 5 yrs
50000 = approximate cost (in dollars) to install a new well
Qi = pumping rate at well i (in gpm)
Ii = 1 if new well i is installed (i.e., active)

This objective function minimizes total cost over a 5-year period.  Up-front and annual costs are
simultaneously considered and rigorously evaluated within the optimization process. 

3.3 TYPICAL SCENARIOS CONSIDERED WITH HYDRAULIC OPTIMIZATION

3.3.1 Existing Wells or Additional Wells

First, an optimal solution can be obtained with existing wells only.  Then optimization can be performed
with one or more new well locations considered.  With some optimization packages (e.g., MODMAN), it
is possible to consider many different potential locations for new wells, but to only select a specified
number of those locations in the optimal solution.  The costs and benefits of adding the new wells can
then be evaluated.

3.3.2 Extraction or  Extraction Plus Reinjection

Pumpage optimization can be performed for cases with and without reinjection of treated water.  The costs
and benefits of reinjecting water can then be evaluated.

3.3.3 “Containment Only” versus Accelerated Mass Removal (Containment Efficiency)

For sites where containment is the remediation objective, application of hydraulic optimization is
straightforward.  At some sites, however, strategies that incorporate accelerated mass removal are also
considered.  As previously discussed, hydraulic optimization is based on groundwater flow, and does not
rigorously account for contaminant concentrations, mass removal, or cleanup time.  However, hydraulic
optimization can be used to quantify the “containment efficiency” of wells intended for accelerated mass
removal.  This allows the costs and benefits of additional wells intended for accelerated mass removal to
be more rigorously evaluated.  

For example, assume hydraulic optimization indicates that three wells located near the toe of a plume,
pumping a total of 500 gpm, will provide containment.  However, site managers want to consider several
additional wells near the core of the plume (where concentrations are higher), pumping at 200 gpm, to
accelerate mass removal.  Should the resulting strategy consist of 700 gpm?  The answer is usually “no”,
because pumping in the core of the plume may also contribute to overall plume containment, such that the
addition of core-zone pumping may permit total pumping near the toe of the plume to be reduced without
compromising plume containment.   



H:\Dynamac\RobG_Report\Rev_2\vol2.wpd 
June 30, 19993-10

Hydraulic optimization can be used to quantify that relationship.  This can be expressed as “containment
efficiency” of the core zone pumping, as follows:

containment efficiency =  (Potential reduction in toe pumping) / (increase in core pumping)

Assume in the previous example that hydraulic optimization is used to determine that, after 200 gpm is
implemented in the core zone, total pumping at the toe wells can be reduced from 500 gpm to 380 gpm
without compromising containment.  Adding 200 gpm in the core zone permits pumping at the toe wells to
potentially be reduced by 120 gpm (500 gpm - 380 gpm).  The “containment efficiency” of the core zone
pumping is:

containment efficiency = 120/200 = 60%

Therefore, if this analysis is performed, increased costs associated with the core zone pumping (well
installation and/or treatment costs) can be partially offset by implementing a corresponding pumping rate
reduction at the toe wells.

3.3.4 Modifications to the Target Containment Zone

Hydraulic optimization can be performed for alternate definitions of the target containment zone.  This
can provide information regarding the potential reduction in total pumping and/or cost that can result if a
smaller region of water must be contained.  

3.4 ROLE OF THE HYDRAULIC OPTIMIZATION CODE

The role of the hydraulic optimization code is to provide mathematical optimal solutions for specific 
mathematical formulations.  Given the large variety of objective functions, constraints, and application
strategies potentially available, it is clear that the development of a “preferred management solution” for a
specific site depends not only on the availability of hydraulic optimization technology, but also on the
ability of individuals to formulate meaningful mathematical formulations.  That ability is a function of the
skill and experience of the individuals performing the work, as well as the quality of site-specific
information available to them. 
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4.0    CASE #1: KENTUCKY

4.1 SITE BACKGROUND

4.1.1 Site Location and Hydrogeology

The facility is located in Kentucky, along the southern bank of a river (see Figure 4-1).  There are in
excess of 200 monitoring points and/or piezometers at the site.  The aquifer of concern is the uppermost
aquifer, called the Alluvial Aquifer.  It is comprised of unconsolidated sand, gravel, and clay.  The
Alluvial Aquifer has a saturated thickness of nearly 100 feet in the southern portion of the site, and a
saturated thickness of approximately 30 to 50 feet on the floodplain adjacent to the river.  The decrease in
saturated thickness is due to a general rise in bedrock elevation (the base of the aquifer) and a decrease in
surface elevation near the floodplain.  The hydraulic conductivity of the Alluvial Aquifer ranges from
approximately 4 to 75 ft/d. 

Groundwater generally flows towards the river, where it is discharged (see Figure 4-2).   However, a
groundwater divide has historically been observed between the site and other nearby wellfields (locations
of wellfields are illustrated on Figure 4-1).  The groundwater divide is presumably caused by pumping at
the nearby wellfields. 

4.1.2 Plume Definition

Groundwater monitoring indicates site-wide groundwater contamination.  Two of the most common
contaminants, 1,2-dichloroethane (EDC) and benzene, are used as indicator parameters because they are
found at high concentrations relative to other parameters, and are associated with identifiable site
operations. Shallow plumes of EDC and benzene are presented in Figures 4-3 and 4-4, respectively. 
Concentrations are very high, and the presence of residual NAPL contamination in the soil column is
likely (SVE systems have recently been installed to help remediate suspected source areas in the soil
column). 
  
4.1.3 Existing Remediation System

A pump-and-treat system has been operating since 1992.  Pumping well locations are illustrated on
Figures 4-3 and 4-4.  There are three groups of wells:

• BW wells: River Barrier Wells
• SW wells: Source Wells
• OW wells: Off-site Wells

The primary goal is containment at the BW wells, to prevent discharge of contaminated groundwater to
the river.  The purpose of the SW wells is to accelerate mass removal.  The purpose of the OW wells is
to prevent off-site migration of contaminants towards other wellfields.  A summary of pumping rates is
as follows:
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Number of Wells Design Rate (gpm) Typical Rate (gpm)

BW wells:
     Original Design
     Current System

18
23

549
N/A

N/A
420-580

SW wells 8 171 80-160

OW wells 8 132 25-100

Total System:
     Original Design
     Current System

34
39

852
N/A

N/A
500-800

Five BW wells were added after the initial system was implemented, to enhance capture where
monitored water levels indicated the potential for gaps. The operating extraction rates are modified as
the river level rises and falls (when the river level falls, aquifer water levels also fall, and transmissivity
at some wells is significantly reduced). The eight OW wells controlling off-site plume migration have
largely remediated that problem, and will likely be phased out in the near future.

Contaminants are removed by steam stripping.  The steam is purchased from operations at the site. 
Treated water is discharged to the river.  Approximate costs of the current system are presented in Table
4-1 (see Volume 1 for a more detailed discussion of costs).

Site managers have indicated their desire for accelerated mass removal, if it is not too costly.  They do
not favor significant reductions in pumping  (and associated annual costs) if that will result in longer
cleanup times.

4.1.4 Groundwater Flow Model
 
An existing 2-dimensional, steady-state MODFLOW (McDonald and Harbaugh, 1988) model is a
simple representation of the system.  There are 48 rows and 82 columns.  Grid spacing near the river is
100 ft.  The model has historically been used as a design tool, to simulate drawdowns and capture zones
(via particle tracking) resulting from specified pumping rates.  

4.1.5 Goals of a Hydraulic Optimization Analysis

A screening analysis performed for this site (see Volume 1) suggests that significant savings (millions of
dollars over 20 years) might be achieved by reducing the pumping rate associated with the present system,
even if five new wells (at $20K/well) were added.  In that screening analysis, a pumping rate reduction of
33 percent was assumed.   This could potentially be accomplished by:

• a reduction in rates at the BW wells required to maintain containment (via optimization);
• a reduction in pumping at the OW wells; and/or 
• a reduction in pumping at the SW wells.

The goals of the optimization analysis are:



H:\Dynamac\RobG_Report\Rev_2\vol2.wpd 
June 30, 19994-3

(1) quantify potential pumping rate reductions at the BW wells, without compromising
containment at the river (with the SW and OW wells operating as designed);

(2) quantify the tradeoff between the number of BW wells operating and the total pumping
rate required for containment;

(3) quantify the total pumping required for containment if only the BW wells are operated
(i.e., no pumping at the existing SW or OW wells);

(4) quantify the increase (or decrease) in pumping required for containment if more (or less)
conservative  constraints for containment are imposed at the river; 

(5) quantify the degree to which pumping at additional core zone wells might be offset by
pumping reductions at barrier wells, while maintaining containment.

Mathematical formulations for achieving these goals are presented below.  Then “mathematical optimal
solutions” for these formulations are presented, and discussed within the context of a “preferred
management solution”.

4.2 COMPONENTS OF MATHEMATICAL FORMULATION   

4.2.1 Representation of Plume Containment

Head constraints were used to represent plume containment at model grid cells adjacent to the river (i.e.,
to prevent discharge of contaminated water to the river).   In the groundwater flow model, the river is
simulated with specified head cells, which are assigned a water elevation of 302 ft MSL.  In MODMAN,
an upper limit of 301.99 ft MSL is specified at 54 cells adjacent to the river (Figure 4.5).  These head
limits prevent discharge of groundwater to the river in each of those cells.  Note that head difference limits
and gradient limits are also available in MODMAN, and either could have been used instead of the head
limits to represent plume containment.

The locations of the cells where head limits were assigned correspond to the capture zone of the designed
pump-and-treat system, as determined by the groundwater flow model (with particle tracking).   Use of the
containment zone associated with the original system design allows for a fair comparison between total
pumping rates in the original design versus pumping solutions obtained with hydraulic optimization.

The specific head value of 301.99 was selected because a head difference of 0.01 ft (between the river and
a cell adjacent to the river) is measurable in the field.  Sensitivity analyses for some optimization
scenarios were performed, to assess the change in mathematical optimal solutions resulting from a smaller
head difference limit (e.g., 0.00 ft) and a larger head difference limit (e.g., 0.10 ft). 
 
4.2.2 Representation of Wells
 
Existing Well Locations:

Locations of existing wells are illustrated on Figures 4-3 and 4-4, and are summarized on Table 4-2.  As
previously discussed, five of the BW wells were installed subsequent to the original design (indicated on
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Table 4-2).  

New Well Locations Considered:

Four additional well locations, in areas of high contaminant concentrations, were considered in some
scenarios.  These locations are illustrated on Figure 4-5.   The purpose of considering new wells in these
scenarios was to quantify the “containment efficiency” of wells located in key areas of high concentration
(see Section 3.3.3 for a discussion of “containment efficiency”).

Well Rate Limits:

For existing wells, daily well rates were available for June 1997 through November 1997.   For managed
wells (i.e., wells in a specific scenario for which an optimal rate was being determined), the maximum rate
observed at each well over this time period (see Table 4-2) was assigned as an upper limit on well rate. 
This is conservative, because some wells may be actually be capable of producing more water.  For some
wells, the assigned upper limit is less than the original design rate, which was determined on the basis of
groundwater modeling.

Limiting the Number of New Wells Selected:

For some hydraulic optimization scenarios, integer constraints (see section 3.1.3) were specified, to allow
the number of selected wells to be limited.

4.2.3 Objective Function
 
The objective function is “minimize total pumping in gpm”.  To achieve this, each pumping rate variable
was multiplied by an objective function coefficient of -0.005194.  The value of the coefficient converts
from MODFLOW units (ft3/d) into gpm, and the negative value of the coefficient accounts for the fact that
pumping rates in MODFLOW are negative.  By multiplying the negative MODFLOW rates by a negative
objective function coefficient,  the use of the term “minimize” becomes straightforward for the objective
function.

For this site, the objective function is not based directly on cost.  However, impacts on annual O&M costs
resulting from pumping rate modifications are easily evaluated, external to the hydraulic optimization
algorithm.   As discussed in Volume 1, the most significant annual cost of this system is steam
(approximately $2000/yr/gpm).  Up-front costs associated with new wells are estimated at $20K/well.  
 
4.3 CONTAINMENT SOLUTIONS, ORIGINAL WELLS   

4.3.1 Scenario 1: Minimize Pumping at Original 18 BW Wells, Design Rates at SW and OW
Wells 

The first hydraulic optimization formulation considers all of the well locations associated with the original
design.  Rates at the SW wells and OW wells are fixed at the original design rates (see Table 4-2).  The
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goal is to determine if hydraulic optimization suggests improved rates at the BW wells, relative to the
original design (i.e., had hydraulic optimization been applied during the design, would a better solution
have been determined, using the same well locations?).  

As previously discussed, a head difference of 0.01 feet is imposed between the river and adjacent cells in
the aquifer.  The target containment zone is identical to the containment zone associated with the original
design (as determined with the model), and the upper limit on well rate at each BW well is based on the
maximum rate observed between June 1997 and November 1997.

The mathematical optimal solution for this scenario is summarized below:

Design Rate (gpm)
Mathematical Optimal

Solution  (gpm)

BW wells 549 273

SW wells 171 171 (fixed)

OW wells 132 132 (fixed)

Total System: 852 576

The mathematical optimal solution includes 17 of the 18 original BW well locations, and represents a
reduction of 276 gpm at the BW wells (over 50%).  Using the simple relationship between pumping rate
and total annual cost based on steam ($2000/yr/gpm), a reduction of 276 gpm corresponds to a reduction
in annual O&M of  $552K/yr. 

The same hydraulic optimization scenario was then solved with additional constraints limiting the number
of well locations that may be selected.  Results are summarized below:

 

# of BW Wells 
Allowed

Mathematical Optimal Solution, 
Total Pumping at BW Wells (gpm)

17+ 273

16 274

15 274

14 275

13 279

12 283

11 288

10 297

9 infeasible
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Hydraulic optimization makes this type of analysis easy to perform, and the results suggest that some of
the 18 BW wells in the original design were not necessary.   For instance, reducing the number of wells
selected from 17 to 14 only increases the pumping rate required for containment by 1 gpm ($2000/yr in
steam costs).  

The results presented above are significant. Had hydraulic optimization been applied when the pump-and-
treat system was originally designed, the design pumping rates at the BW wells might have been cut in
half (potential savings in steam costs of over $500K/yr), and the number of BW wells would likely have
been reduced from 18 wells to 14 wells, and perhaps to as little as 10 or 11 wells.  This might have saved
$100K or more in Up-Front costs associated with the installation of those wells.

 
4.3.2 Scenario 2: Minimize Pumping at Original 18 BW Wells, No Pumping at SW and OW Wells

This optimization formulation is similar to the previous formulation, except that rates at the SW wells and
OW wells are fixed at zero.  This represents a scenario where containment at the river is the only priority. 
The goal is to use hydraulic optimization to quantify the “containment efficiency” of the SW and OW
wells in the original design, which allows a more meaningful evaluation of the additional costs associated
with the SW and OW wells. 

The mathematical optimal solution for this scenario is summarized below:

Mathematical Optimal
Solution, Scenario 2  

(gpm)

Mathematical Optimal
Solution, Scenario 1  

(gpm)

BW wells 409 273

SW wells 0 (fixed) 171 (fixed)

OW wells 0 (fixed) 132 (fixed)

Total System: 409 576

When 303 gpm of pumping is added at the SW and OW wells, a corresponding decrease of 136 gpm can
potentially be implemented at the BW wells.  As discussed in Section 3.3.3, this can be expressed as
“containment efficiency” of the combined pumping at the SW and OW wells:

containment efficiency = 136/303 = 45%

This type of analysis, which is straightforward with hydraulic optimization, is very significant.  When
pumping is added upgradient of the containment wells, significant cost savings can be realized by
implementing a corresponding rate reduction at the containment wells.   In this case, the addition of 303
gpm at the SW and OW wells, at $2000/yr/gpm, would translate into $606K/yr in added steam costs. 
However, by implementing a corresponding reduction of 136 gpm at the BW wells, the net increase in
pumping rate would only be 167 gpm, which would translate into $334K in added steam costs.  
Therefore, evaluating the “containment efficiency” could yield savings of $272K/yr for this particular
example.
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4.4 CONTAINMENT SOLUTIONS, CURRENT WELLS   

4.4.1 Scenario 3: Minimize Pumping at Current 23 BW Wells, No Pumping at SW or OW Wells
 
This optimization formulation is similar to Scenario 2 (rates at the SW wells and OW wells are fixed at
zero), but this scenario includes the five BW wells installed after the original system was installed.  The
locations of the five additional wells are indicated on Figure 4-5.  The goal is to use hydraulic
optimization to quickly determine if the five additional well locations significantly reduce the amount of
pumping required for containment at the river. 

The mathematical optimal solution for this scenario is summarized below:

Mathematical Optimal Solution,
Scenario 2  

(gpm)

Mathematical Optimal
Solution, Scenario 3

(gpm)

BW wells 409 399

SW wells 0 (fixed) 0 (fixed)

OW wells 0 (fixed) 0 (fixed)

Total System: 409 399

In this case, addition of the five additional wells has only a small impact.  Of course, it is quite possible
that the addition of wells in other locations might have a greater impact on the amount of pumping
required for containment, and hydraulic optimization could provide an efficient evaluation of many other
locations (that analysis was not performed as part of this demonstration).
     
4.4.2 Scenario 4: Same as Scenario 3, But Varying Limit on Head Adjacent to  the River

This optimization formulation is similar to Scenario 3, but the head limits imposed adjacent to the river
are varied.  In Scenario 3, an inward head difference of 0.01 ft from the river to the aquifer is mandated,
by assigning a head limit of 301.99 ft MSL at cells adjacent to the river (the river is represented with
specified head of 302.00 ft MSL).  In this scenario, the following alternative head limits are imposed in
cells adjacent to the river:

302.00 ft MSL (0.00 ft head difference)
302.95 ft MSL (0.05 ft head difference)
392.90 ft MSL (0.10 ft head difference)

The mathematical optimal solutions for this scenario are summarized below:
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Head Difference
Limit Imposed

(ft)

Mathematical Optimal
Solution  

(gpm)
Annual Steam Cost

($/yr)

0.00 396 $792K

0.01 399 $798K

0.05 421 $842K

0.10 458 $916K

  Note: annual steam cost approximated as $2000/yr/gpm

The results illustrate that, as limits representing containment are made more conservative, the amount of
pumping required for containment increases.  In this particular formulation, imposing a head difference
limit of 0.10 ft rather than 0.0 ft leads to a more conservative pumping design, with an additional steam
cost of more than $100K/yr.    Hydraulic optimization allows an efficient evaluation of such tradeoffs (this
analysis would be difficult or impossible by trial-and-error).  
  
4.5 SCENARIO 5: SOLUTIONS WITH ADDITIONAL CORE ZONE WELLS 

This optimization formulation considers the existing 23 BW wells (i.e., as in Scenario 3), plus five
existing SW wells (SW-1920, SW-1921, SW-1926, SW-1942, SW-1943), and four additional wells in
areas of high contaminant concentrations.  These locations are indicated on Figure 4-5.  All other SW and
OW wells are not pumped.  The goal is to determine if the “containment efficiency” of these nine core
zone wells (the five SW wells and the four new wells) is greater than the “containment efficiency” of the
original SW and OW wells (previously determined to be 45% in  Section 4.3.2).   The reason for improved
containment efficiency would be that some of the OW wells in the original design are not directly
upgradient of the containment wells near the river.

Two variations were evaluated:

(1) add 5 gpm at each of the nine core zone wells, for a total of 45 gpm; and

(2) add 10 gpm at each of nine core zone wells, for a total of 90 gpm.

The hydraulic optimization results are intended to quantify potential reductions in rates that can be
implemented at the BW wells, while maintaining containment.

The mathematical optimal solutions are summarized below: 

Mathematical Optimal
Solution, Scenario 3 

(gpm)

Mathematical Optimal
Solution, 45 gpm added

in Core Zone (gpm)

Mathematical Optimal
Solution, 90 gpm added

in Core Zone (gpm) 

BW wells 399 374 349

Core Zone Wells 0 (fixed) 45 90

Total System: 399 419 439
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When 45 gpm of pumping is added in the core zone, a corresponding decrease of 25 gpm can potentially
be implemented at the BW wells:

containment efficiency = 25/45 = 56%

When 90 gpm of pumping is added in the core zone, a corresponding decrease of 50 gpm can potentially
be implemented at the BW wells:

containment efficiency = 50/90 = 56%

As expected, the containment efficiency of 56 percent is higher than the containment efficiency of 45
percent determined for the SW and OW wells in the original design.  This is presumably due to the fact
that combined locations of these wells are more favorable for containment than the combined locations of
the original SW and OW wells.  

As previously discussed, this type of analysis is important when additional pumping is considered
upgradient of the containment wells, because implementing a corresponding rate reduction at the
containment wells can result in considerable savings.   Without hydraulic optimization, quantifying the
potential rate reduction at the containment wells would be difficult, if not impossible.  In this case, the
addition of 90 gpm at the core zone wells, at $2000/yr/gpm, would translate into $180K/yr in added steam
costs.  However, by implementing a corresponding reduction of 50 gpm at the BW wells, the net increase
in pumping rate would only be 40 gpm, which would translate into $80K in added steam costs.  
Therefore, evaluating the “containment efficiency” could yield savings of $100K/yr for this particular
scenario. 

4.6 DISCUSSION & PREFERRED MANAGEMENT SOLUTION 

Interesting results from the hydraulic optimization evaluations for this site include the following:

• had hydraulic optimization been applied when the pump-and-treat system was originally
designed, the design pumping rates at the BW wells might have been cut in half (potential
savings in steam costs of over $500K/yr), and the number of BW wells would likely have
been reduced from 18 wells to 14 wells, and perhaps to as few as 10 or 11 wells (potential
savings of $100K or more in Up-Front costs associated with the installation of those
wells);

• as limits representing containment at the river are made more conservative, the amount of
pumping required for containment increases (in this particular formulation, imposing a
head difference limit of 0.10 ft rather than 0.0 ft leads to a more conservative pumping
design, with an additional steam cost of more than $100K/yr);

• core zone wells at this site have a “containment efficiency” of 45% to 55%, such that each
increase of 10 gpm in the core zone can be partially offset with approximately a 5 gpm
reduction at containment wells (the containment efficiency improves with better
placement of wells);

• for cases where core zone pumping is considered, implementing corresponding rate
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reductions at containment wells (based on the “containment efficiency”) will potentially
yield significant savings (as much as $100K/yr or more);

All of these analyses were efficiently conducted with hydraulic optimization techniques.  In most cases,
these types of analyses are difficult (if not impossible) to comprehensively perform with a trial-and-error
approach.  This is because of the large number of well locations being considered.  With a trial-and-error
approach, only a small number of well rate combinations can be evaluated with the simulation model,
whereas hydraulic optimization allows all potential combinations of well rates to be rigorously evaluated
for each scenario.

According to the hydraulic optimization results, a preferred management strategy might include pumping
rate reductions at the BW wells.  However, the groundwater flow model at this site is quite simplified, and
additional effort in refining the groundwater flow model (and subsequent re-analysis with hydraulic
optimization) may be worthwhile.  If pumping at the SW and OW wells is reduced (or terminated),
corresponding pumping rate increases will be required at the BW wells to maintain containment (for every
10 gpm reduced, approximately 5 gpm will need to be added at the BW wells.

A significant management issue at this site relates to the net benefits provided by core zone wells (e.g., the
SW wells).  Contaminant levels at this site are high, and residual NAPL in the soil column is likely. 
Therefore, cleanup at this site may never be achieved via pump-and-treat (i.e.,  accelerated mass removal
from groundwater may not provide any tangible benefits).  Although hydraulic optimization does not
incorporate predictions of future contaminant concentrations, it does allow the costs of core zone pumping
to be quantified, in conjunction with the “containment efficiency”.   Assuming steam costs of
$2000/yr/gpm, the increased annual cost for each 50 gpm in the core zone is approximately $50K/yr
(assuming the corresponding pumping rate reduction of 25 gpm at the containment wells indicated by the
“containment efficiency”).  These costs can be assessed with respect to the perceived benefits associated
with these core zone wells.

For this site, the hydraulic optimization results potentially lead to large cost savings ($millions over a 20
to 30 year planning horizon).  This is partly due to the fact that the remediation technology at this site
(steam stripping) is expensive.  A management strategy at this site might also include an evaluation of
potential alternatives to the steam-stripping technology currently utilized.
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5.0    CASE #2: TOOELE

5.1 SITE BACKGROUND

5.1.1 Site Location and Hydrogeology

The facility is located in Tooele Valley in Utah, several miles south of the Great Salt Lake. (see Figure 5-
1). The aquifer of concern generally consists of alluvial deposits.  However, there is an uplifted bedrock
block at the site where groundwater is forced to flow from the alluvial deposits into fractured and
weathered rock (bedrock), and then back into alluvial deposits. 

The unconsolidated alluvial deposits are coarse grained, consisting of poorly sorted clayey and silty sand,
gravel, and cobbles eroded from surrounding mountain ranges.  There are several fine-grained layers
assumed to be areally extensive but discontinuous, and these fine-grained layers cause vertical head
differences between adjacent water-bearing zones.  Bedrock that underlies these alluvial deposits is as
deep as 400 to 700 feet.  However, in the vicinity of the uplifted bedrock block, depth to bedrock is
shallower, and in some locations the bedrock is exposed at the surface.

Depth to groundwater ranges from 150 to 300 ft.  The hydraulic conductivity of the alluvium varies from
approximately 0.13 to 700 ft/day, with a representative value of approximately 200 ft/day.  In the bedrock,
hydraulic conductivity ranges from approximately 0.25 ft/day in quartzite with clay-filled fractures to
approximately 270 ft/day in orthoquartzite with open, interconnected fractures.

Groundwater generally flows to the north or northwest, towards the Great Salt Lake (see Figure 5-2). 
Recharge is mostly derived from upgradient areas (south of the facility), with little recharge from
precipitation. Gradients are very shallow where the water table is within in the alluvial deposits.  There
are steep gradients where groundwater enters and exits the bedrock block, and modest gradients within the
bedrock block.  There is more than 100 ft of head difference across the uplifted bedrock block.  This
suggests that the uplifted bedrock area provides significant resistance to groundwater flow.  North (i.e.,
downgradient) of the uplifted bedrock block, the vertical gradient is generally upward. 

5.1.2 Plume Definition

The specific plume evaluated in this study originates from an industrial area in the southeastern corner of
the facility, where former operations (since 1942) included handling, use, and storage of TCE and other
organic chemicals.  Groundwater monitoring indicates that the primary contaminant is TCE, although
other organic contaminants have been detected.  TCE concentrations in the shallow (model layer 1) and
deep (model layer 2) portions of the aquifer are presented on Figure 5-2.  Concentrations are significantly
lower in the deeper portions of the aquifer than in shallow portions of the aquifer.   Also, the extents of the
shallow and deep plumes do not directly align, indicating a complex pattern of contaminant sources and
groundwater flow.   Continuing sources of dissolved contamination are believed to exist. 
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 5.1.3 Existing Remediation System
 
A pump-and-treat system has been operating since 1993.   The system consists of 16 extraction wells and
13 injection wells (see Figure 5-3 for well locations).   An air-stripping plant, located in the center of the
plume,  is capable of treating 8000 gpm of water.  It consists of two blowers operated in parallel, each
capable of treating 4000 gpm.  Sodium hexametaphosphate is added to the water prior to treatment, to
prevent fouling of the air stripping equipment and the injection wells.  Treated water is discharged via
gravity to the injection wells.  Approximate costs of the current system are presented in Table 5-1 (see
Volume 1 for a more detailed discussion of costs).

Based on the well locations and previous plume delineations, the original design was for cleanup.  At the
time the system was installed, the source area was assumed to be north of the industrial area (near a
former industrial waste lagoon).  Subsequently, it was determined that the source area extended far to the
south (in the industrial area).  As a result, the current system essentially functions as a containment system
(there are no extraction wells in the area of greatest contaminant concentration). 

Historically, the target containment zone has been defined by the 5-ppb TCE contour.  Given the current
well locations, anticipated cleanup time is “a very long time”.  However, a revised (i.e., smaller) target
containment zone is now being considered, based on risks to potential receptors.  A revised target
containment zone  might correspond to the 20-ppb or 500ppb TCE contour.

5.1.4 Groundwater Flow Model

A three-dimensional, steady-state MODFLOW model was originally constructed in 1993 (subsequent to
the design of the original system), and has been recalibrated on several occasions (to both non-pumping
and pumping conditions).  The current model has 3 layers, 165 rows, and 99 columns.  Cell size is 200 ft
by 200 ft.  Model layers were developed to account for different well screen intervals, and are assigned as
follows:

Layer 1: 0 to 150 ft below water table
Layer 2: 150 to 300 ft below water table
Layer 3: 300 to 600 ft below water table

Boundaries include general head conditions up- and down-gradient, no flow at the sides and the bottom.
The model has historically been used as a design tool, to simulate drawdowns and capture zones (via
particle tracking) that result from specified pumping and injection rates.  

The current groundwater model is a useful tool for approximating drawdowns and capture zones. 
However, the following are noted: (1) near the source area, simulated  flow directions are not consistent
with the shape of the observed plume; and (2) the bedrock block is a very complex feature, and accurate
simulation of that feature is very difficult.

5.1.5 Goals of a Hydraulic Optimization Analysis

A screening analysis performed for this site (see Volume 1) suggests that significant savings (millions of
dollars over 20 years) might be achieved by reducing the pumping rate associated with the present system,
even if five new wells (at $300K/well) were added.  In that screening analysis, a pumping rate reduction
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of 33 percent was assumed.   This could potentially be accomplished by:

• optimizing rates to achieve more efficient containment of the 5-ppb plume; and/or

• reducing the size of the target containment zone (if independently demonstrated to
maintain protection of human health and the environment). 

Therefore, the goals of the optimization analysis are:

(1) determine the extent to which pumping rates can actually be reduced at this site, with and
without the addition of new wells, given the current target containment zone (5-ppb
plume);

(2) quantify cost reductions associated with these achievable pumping rates; 

(3) quantify the tradeoff between the number of wells operating and the total pumping rate
(and/or cost) required for containment;

(4) quantify potential pumping rate and cost reductions associated with a modified target
containment zone (i.e., the 20-ppb plume or the 50–ppb plume).

Mathematical formulations for achieving these goals are presented below.  Then “mathematical optimal
solutions” for these formulations are presented, and discussed within the context of a “preferred
management solution”.

5.2 COMPONENTS OF MATHEMATICAL FORMULATION   

5.2.1 Representation of Plume Containment

A combination of head difference constraints, gradient constraints, and relative gradient constraints were
used to represent plume containment (see section 3.1.1 for an overview of the approach).  For this site,
constraints representing containment were developed for four different plume boundaries:

• shallow 5-ppb plume (Figure 5-4);
• deep  5-ppb plume (Figure 5-5);
• shallow 20-ppb plume (Figure 5-6); and
• shallow 50-ppb plume (Figure 5-7).

Along the northeast boundary of the shallow 5-ppb plume, constraints were applied along  a “smoothed”
approximation of the plume boundary, rather than the actual plume boundary (which has an irregular
shape).  Also, constraints representing plume containment were only applied north of the bedrock block
(for the 5-ppb and 20-ppb plume), near the toe of each plume.  This was done because containment at the
toe of each plume was the focus of these efforts.  Assigning plume containment constraints in the vicinity
of the bedrock block may have caused infeasible solutions to result, simply because the simulation model
is imperfect in that highly complex region. 

Constraints representing plume containment were not applied to the deep 20-ppb plume.  Preliminary
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simulations indicated that wells containing the shallow 20-ppb plume would also contain the deep 20-ppb
plume.  For optimization simulations based on containment of the 20-ppb plume, this simplifying
assumption was verified with particle tracking simulations.

A summary of the number of constraints used to represent containment for each plume is provided below:

Plume
Number of Head
Difference Limits

Number of
 Gradient Limits

Number of Relative
Gradient Limits

5 ppb, shallow 3 38 19

5 ppb, deep 9 22 11

20 ppb, shallow 1 16 8

50 ppb, shallow 9 14 7

5.2.2 Representation of Wells

Multi-aquifer wells:

Presently, 16 extraction wells and 13 injections wells are in operation (see Section 5.1.3).  Some of these
wells are multi-aquifer wells.  In MODFLOW, the amount of water discharged from a multi-aquifer well
in each model layer is weighted by the relative transmissivity of each layer at the specific grid block.  
Balance constraints were specified in MODMAN ( see section 3.1.2)  to preserve the ratio of pumping
between model layers for multi-aquifer wells, as follows:

Well MODMAN Well Numbers Relationship

E-6 Q8    ( Layer 1),   Q9   (Layer 2)     Q8   - 4.88Q9   = 0         (i.e., Q8/Q9     = 4.88)

E-8 Q10  ( Layer 1),   Q11 (Layer 2)     Q10 - 1.50Q11 = 0         (i.e., Q10/Q11 = 1.50)

E-9 Q12  ( Layer 1),   Q13 (Layer 2),
Q14  ( Layer 3)

    Q12 - 0.20Q13 = 0         (i.e., Q12/Q13 = 0.20)
    Q12 - 0.56Q14 = 0         (i.e., Q12/Q14 = 0.56)

E-10 Q15  ( Layer 1),   Q16 (Layer 2)     Q15 - 0.15Q16 = 0         (i.e., Q15/Q16 = 0.15)

E-14 Q20  ( Layer 1),   Q21 (Layer 2)     Q20 - 0.33Q21 = 0         (i.e., Q20/Q21 = 0.33)

E-15 Q22  ( Layer 1),   Q23 (Layer 2)     Q22 - 4.00Q23 = 0         (i.e., Q22/Q23 = 4.00)

I-2 Q25  ( Layer 1),   Q26 (Layer 2)     Q25 - 3.54Q26 = 0         (i.e., Q25/Q26 = 3.54)

I-6 Q30  ( Layer 1),   Q31 (Layer 2)     Q30 - 1.22Q31 = 0         (i.e., Q30/Q31 = 1.22)

I-7 Q32  ( Layer 1),   Q33 (Layer 2)     Q32 - 1.22Q33 = 0         (i.e., Q32/Q33 = 1.22)

I-9 Q35  ( Layer 1),   Q36 (Layer 2)     Q35 - 1.50Q36 = 0         (i.e., Q35/Q36 = 1.50)

I-10 Q37  ( Layer 1),   Q38 (Layer 2)     Q37 - 3.00Q38 = 0         (i.e., Q37/Q38 = 3.00)

I-13 Q41  ( Layer 1),   Q42 (Layer 2)     Q41 - 4.00Q42 = 0         (i.e., Q41/Q42 = 4.00)
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New Well Locations Considered:

Depending on the scenario, additional potential well locations were considered as follows:

Plume to Contain Additional Well Locations Considered

5-ppb shallow 20 wells in layer 1 (see Figure 5-4)
5-ppb deep 18 wells in layer 2 (see Figure 5-5)
20-ppb shallow 6 wells in layer 1, and 1 well in layer 2 (see Figure 5-6)
50-ppb shallow 20 wells in layer 1 (see Figure 5-7)

The additional well in layer 2 for scenarios based on containment of the shallow 20-ppb plume is located
near the toe of the deep 20-ppb plume.  This allows consideration of solutions with a fixed pumping rate
at that well, to increase efficiency of containing and/or remediating that portion of the plume. 

Well Rate Limits:

Maximum pumping rates for all new wells was specified as 500 gpm.  For existing wells extraction and
injection wells, operational history was considered in specifying maximum rates.  If operation rate on
April 6, 1998 (provided earlier) was less than 500 gpm, then 500 gpm was specified as the maximum rate. 
If operation rate on April 6, 1998 (provided earlier) was greater than 500 gpm, then the rate observed on
that date was set as the maximum rate.  For multi-aquifer wells, an additional calculation was made to
determine the maximum rate allowed in one specific model layer, based on the maximum rate allowed for
the total well.

Example:    Well E-10,   max rate = 714 gpm

       Well names in MODMAN:   Q15 (Layer 1), Q16 (layer 2)
Well rate relationship: Q15/Q16 = 0.15    (i.e., Q15 = 0.15Q16)
Max rate for total well: Q15 + Q16 # 714 gpm
Substitute for Q15: 0.15Q16 + Q16 # 714 gpm
Determine limit for Q16 Q16  # 621 gpm

Limiting the Number of New Wells Selected:

In simulations where additional wells were considered, integer constraints (see section 3.1.3) were
specified, to allow the number of new wells to be limited.

Balance Between Total Pumping and Total Injection

The remediation system at Tooele includes reinjection of treated groundwater.  Constraints were included
so that total injection rate cannot exceed total pumping rate (which is not feasible for this system).
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5.2.3 Objective Function Based on Minimizing Total Pumping

For most of the optimization simulations performed for this site, the objective function is “minimize total
pumping in gpm”.  To achieve this, each pumping rate variable was multiplied by an objective function
coefficient of -0.005194.  The value of the coefficient converts from MODFLOW units (ft3/d) into gpm,
and the negative value of the coefficient accounts for the fact that pumping rates in MODFLOW are
negative.  By multiplying the negative MODFLOW rates by a negative objective function coefficient,  the
use of the term “minimize” becomes straightforward for the objective function.

For solutions with this objective function, associated “Total Managed Cost” was calculated external to the
optimization algorithm.  Managed costs refers to those aspects of total cost that are related to the variables
being optimized (i.e., the well rates).  Simple cost functions were established as follows:

managed Up-front Cost ($) = number of new wells * $300K/well
managed Annual Cost ($)   = total pumping rate (gal/min) * $150/yr/gpm

The relationship for “managed annual cost” is a simplified and approximate relationship, based on the
costs of electricity and sodium hexametaphosphate in the current system (which are related to total
pumping rate), and an approximate rate of 8000 gpm for the present system:

$1,000,000/yr: electric
$   200,000/yr: sodium hexametaphosphate
    
$1.2M/yr for 8000 gpm = $150/yr/gpm

“Total Managed Cost”, combines the “Up-Front Costs” with the “Total of Annual Costs” over a specific
time horizon (20 yrs), assuming a specific discount rate (5%).  These calculations are performed in a
spreadsheet.  An example is provided in Table 5-2.

5.2.4 Objective Function Based on Minimizing Total Cost

For some optimization simulations, the cost functions described above were incorporated directly into the
objective function.  The goal was to minimize “Total Managed Cost” (Net Present Value, or NPV) over a
20-year time horizon, assuming a discount rate of 5%.  The objective function takes the following form:

Min   E ciQi +    E djIj            i=1,n                 j=1,m                  
 

where: 
n = number of wells
ci = coefficient for annual costs due to pumping rate at well i
Qi = pumping rate at well i
m = number of potential new wells
dj = additional cost incurred if new well j is selected (e.g., well installation cost)
Ij = 0 if new well j is not selected, 1 if new well j is selected
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The coefficient ci is $1963/gpm, which represents “Managed Annual Cost” of $150/yr/gpm summed over
a 20 year time horizon, assuming a 5% discount rate (in MODMAN, the coefficient ci is further multiplied
by  -0.005194, to convert from MODFLOW (ft3/d) into gpm, and to account for the fact that pumping
rates are negative in MODFLOW). The coefficient dj is $300K, which is the anticipated up-front cost of
each new well.

Note that the MODMAN input file does not currently permit coefficients dj to be entered into the
objective function.  To solve these problems, appropriate coefficients were manually added to the MPS
file generated by MODMAN, prior to solution with LINDO (see Appendix H for an overview of
modifying linear or mixed-integer programs generated by MODMAN).
   
5.3 CONTAINING THE 5-PPB TCE PLUME, MINIMIZE TOTAL PUMPING   

5.3.1 Existing Wells (Shallow and Deep Plumes)

The first hydraulic optimization simulation considers containment of both the shallow 5-ppb plume and
the deep 5-ppb plume (i.e., neither is allowed to expand beyond the present extent).  Only existing well
locations are considered.  The objective function is to minimize total pumping.  

The hydraulic optimization results indicate that the problem is infeasible.  The constraints representing
plume containment for both the shallow and deep 20-ppb plumes cannot all be satisfied, given the
locations of the existing wells and the limits placed on rate at each well.  This is consistent with particle
tracking results for a simulation of the existing system, which shows some water within the shallow 5-ppb
plume is not captured (see Figure 5-8).  According to site managers, however, adequate remediation is
believed to be occurring in areas near the toe of the plume where capture is not indicated by the model.

Another hydraulic optimization simulation was performed, with the limit on each existing well raised to
2000 gpm.  Again, the result indicated that the problem as formulated is mathematically infeasible, given
the groundwater flow model and the constraint set imposed.

5.3.2 Additional Wells (Shallow and Deep Plumes)

This hydraulic optimization formulation considers the same containment zone (i.e., both the shallow 5-ppb
plume and deep 5-ppb plume).  However, 20 additional well locations are considered in the shallow zone
(see Figure 5-4), and 18 additional well locations are considered in the deep zone (see Figure 5-5).  Again,
the objective is to minimize total pumping.   Mathematical optimal solutions (i.e., for minimum total
pumping rate) were determined for different limits on the number of new wells.  For each of these
mathematical optimal solutions, Total Managed Cost (see section 5.2.3) was calculated, external to the
optimization algorithm.  The results are as follows:
       

# New Wells
Allowed

Minimum
Pumping Rate

(gpm)
# Existing Wells

Selected

Total Managed Cost,
($ NPV)

(20 yrs, 5% discount)

Best
Cost 

Solution

14 4163 3 $12.4M



# New Wells
Allowed

Minimum
Pumping Rate

(gpm)
# Existing Wells

Selected

Total Managed Cost,
($ NPV)

(20 yrs, 5% discount)

Best
Cost 

Solution
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13 4178 3 $12.1M

12 4200 4 $11.8M * BEST *

11 4742 4 $12.6M

10 4907 6 $12.6M

9 5236 7 $13.0M

8 5553 9 $13.3M

7 5941 9 $13.7M

Current System 7500 15 $14.7M

Adding more than fourteen new wells does not yield a further reduction in total pumping.  As the number
of new wells is decreased, total pumping rate required for containment increases.  

With the addition of fourteen new wells, containment of both the shallow 5-ppb plume and deep 5-ppb
plume can be achieved with total pumping of 4163 gpm (a reduction of nearly 45% from the current
pumping rate of 7500 gpm).  Interestingly, the solution that minimizes total pumping does not minimize
Total Managed Cost.  This is because  the benefits of reduced pumping rate afforded by two additional
wells (the thirteenth and fourteenth) are not great enough to offset the high  up-front costs of those
additional wells ($300K/well).  Particle tracking results depicting capture in the shallow and deep zones
for the solution with 4163 gpm are presented in Figures 5-10 and 5-11).

5.3.3 Quantifying The Benefits of Reinjecting Treated Water

This formulation is the same as described in the previous section, but reinjection is not permitted
(conceptually, all water is discharged further downgradient, such that plume capture is not impacted by
the reinjection.  The mathematical optimal solution (i.e., minimum pumping rate) for this formulation is:

Without Reinjection: 5237 gpm
With Reinjection: 4163 gpm

With respect to containment of the 5-ppb plumes, these results indicate that reinjection of treated water at
existing locations,  if optimally distributed, reduces pumping required for containment by 20 percent. 
Presumably, the benefits of reinjection at existing injection wells will decrease if the size of the target
containment zone is reduced (reinjection would be further downgradient from the edge of the target
containment zone).
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5.3.4 Additional Wells (Shallow Plume Only)

This formulation is the same as described in section 5.3.2, but only the shallow 5-ppb plume is considered. 
The constraints representing containment of the deep 5-ppb plume are removed, and the 18 additional well
locations in the deep zone are not included (particle tracking can be used to assess the fate of the deep
plume for specific solutions determined with this formulation).  Mathematical optimal solutions (i.e., for
minimum total pumping rate) were determined for different limits on the number of new wells.  For each
of these mathematical optimal solutions, Total Managed Cost (see section 5.2.3) was calculated, external
to the optimization algorithm.  The results are as follows:

# New Wells
Allowed

Minimum
Pumping Rate

(gpm)
# Existing Wells

Selected

Total Managed Cost,
($ NPV)

(20 yrs, 5% discount)

Best 
Cost

Solution

7 2622 2 $7.2M * BEST *

6 2852 3 $7.4M

5 3127 4 $7.6M

4 3766 7 $8.6M

3 4051 6 $8.9M

2 5873 10 $11.5M

Current System 7500 15 $14.7M

Adding more than seven new wells does not yield a further reduction in total pumping. As the number of
new wells is decreased, total pumping rate required for containment increases.

With the addition of seven new wells, containment of the shallow 5-ppb plume can be achieved with total
pumping of 2622 gpm.  This is a reduction of approximately 65% from the current pumping rate of 7500
gpm.    For this formulation, the solution that minimizes total pumping also minimizes Total Managed
Cost.  Particle tracking results depicting capture in the shallow and deep zones for the solution with 2622
gpm are presented in Figures 5-12 and 5-13.  There are two major differences between this strategy and
the strategy where both the shallow and deep 5-ppb plumes are contained:

• with this strategy, the western portion of the deep 5-ppb plume is not captured by any
extraction wells; and

• with this strategy, many particles starting within the deep 5-ppb plume are captured by
wells located outside the boundary of that plume.

Total Managed Cost is much lower (i.e., as much as $5M over 20 years, NPV) for this scenario than for
the case where both the shallow 5-ppb and deep 5-ppb plumes are contained.  This is because the total
pumping rate is reduced, and the number of new wells is also reduced.   Whether or not this represents an
acceptable strategy is ultimately a regulatory issue.
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5.4 OBJECTIVE FUNCTION BASED DIRECTLY ON COSTS   

This formulation is the same as described in Section 5.2.3 (containment of the shallow 5-ppb plume), but
the objective function is based directly on Total Managed Cost (see Section 5.2.4).  The optimal solution
is:

# New Wells
Allowed

Minimum
Pumping Rate

(gpm)
# Existing Wells

Selected

Total Managed Cost,
($ NPV)

(20 yrs, 5% discount)

7 2622 2 $7.2M

This is the same solution that was determined with objective function of “Minimized Total Pumping”. 

5.5 CONTAINING THE 20-PPB AND/OR 50-PPB TCE PLUME              

A variety of additional hydraulic optimization formulations were constructed for additional scenarios, to
determine solutions that minimize pumping.  The formulations included the following:

• contain only the shallow 50-ppb plume;

• contain only the shallow 20-ppb plume;

• contain the shallow 20-ppb plume, plus 500 gpm  at a new well near the toe of the deep
20-ppb plume;

• contain the shallow 20-ppb plume, plus add a well pumping 500 gpm  at a new well near
the toe of the deep 20-ppb plume, plus contain the shallow 50-ppb plume.

For each of these mathematical optimal solutions, Total Managed Cost (see section 5.2.3) was calculated,
external to the optimization algorithm.  Results for select solutions are as follows:

Scenario # New
Wells

Minimum
Pumping

Rate (gpm)

# Existing
Wells

Selected

Total Managed Cost,
($ NPV)

(20 yrs, 5% discount)

Capture
Zone

Figures

contain shallow 50-ppb plume 3 1124 0 $3.1M 5-14 & 5-15

contain shallow 20-ppb plume 2 1377 1 $3.3M 5-16 & 5-17

contain shallow 20-ppb plume,
plus 500 gpm  at toe of the deep

20-ppb plume
3 1573 1 $4.0M 5-18 & 5-19

contain shallow 20-ppb and 50-
ppb plume, plus 500 gpm at toe

of the deep 20-ppb plume
6 2620 0 $6.9M 5-20 & 5-21

Current System 7500 15 $14.7M
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Note that existing wells are not generally selected in these solutions, indicating that existing wells are not
optimally located for containing the 20-ppb and/or 50-ppb plumes.  The only existing well selected for any
of these solutions is well E-2-1.  Also note that the total number of extraction wells in all of these
solutions (ranging from 3 to 6) is less than half the number of wells (15) currently operating.

Particle tracking results depicting capture in the shallow and deep zones for these solutions are presented
according to the figure numbers listed above.

5.6 DISCUSSION & PREFERRED MANAGEMENT SOLUTION 

Some of the interesting results of the hydraulic optimization analysis are:

• the current pumping at existing wells (7500 gpm) does not meet all constraints
representing containment of the shallow 5-ppb and deep 5-ppb plume, and no combination
of well rates at existing wells will satisfy those constraints (according to site managers,
however, adequate remediation is believed to be occurring in areas near the toe of the
plume where capture is not indicated by the model);

• containing the shallow 5-ppb plume and deep 5-ppb plume can be achieved at a
substantially reduced pumping rate, with the addition of many new wells (pumping can be
reduced to less than 5000 gpm  if 10 or more new wells are added);

• even with the high cost of new wells ($300K/well), the addition of 10 or more new wells
is cost-effective over 20 years because it permits total pumping rate to be substantially
reduced; 

• containing only the shallow 5-ppb plume can be achieved at an even lower total pumping
rate, with the addition of new wells (as low as 2622 gpm with the addition of 7 wells), but
portions of the deep 5-ppb plume are not captured by extraction wells;

• by basing the target containment zone on the 20-ppb plume rather than the 5-ppb plume
(if independently demonstrated to maintain protection of human health and the
environment), and adding a few new wells, total pumping could be reduced to less than
2000 gpm, with potential savings of $10M or more over 20 years compared to the present
system; 

• containment of only the 50-ppb plume requires 3 new wells, pumping just over 1100 gpm,
and adding these wells to contain the contaminant source, as a stand-alone option,  may
allow portions of the aquifer down-gradient to clean up via natural attenuation; and

• adding wells to contain the 50-ppb plume (to contain the contaminant source) should also
be considered in conjunction with any other strategy, since it increases the potential to
clean up the aquifer (and also reduce cost by potentially decreasing the remediation
timeframe).



H:\Dynamac\RobG_Report\Rev_2\vol2.wpd 
June 30, 19995-12

The preferred management strategy at this site is not obvious, and to some extent depends on decisions
regarding the size of the target containment zone.  However, a preferred management strategy likely
includes the addition of several wells close to the source area, to increase the potential for aquifer cleanup. 
Transport simulations and/or transport optimization may be particularly useful to evaluate cleanup
potential for those scenarios.

If containment of the 20-ppb plume (rather than the 5-ppb plume) is independently determined to be
protective of human health and the environment, the following strategy (presented earlier) has
considerable appeal:

Scenario # New
Wells

Minimum
Pumping Rate

(gpm)

# Existing
Wells

Selected

Total Managed Cost,
($ NPV)

(20 yrs, 5% discount)

contain shallow 20-ppb and 50-
ppb plume, plus 500 gpm at toe

of the deep 20-ppb plume
6 2620 0 $6.9M

Six new wells are required (three shallow wells near the source area, two shallow wells near the toe of the
shallow 20-ppb plume, and one deep well near the toe of the deep 20-ppb plume).   The area of highest
concentrations (i.e., the 50-ppb plume) is contained.  This increases the likelihood of ultimate (and/or
quicker) cleanup in areas downgradient, by containing the source.  The shallow 20-ppb plume is
contained, and containment/remediation of the deep 20-ppb plume is enhanced by the addition of the new
deep well.  Total number of wells is reduced from 15 to 6 (60%), relative to the current system. Total
pumping rate is reduced from 7500 gpm to 2620 gpm (65%), relative to the current system.  Total
Managed Cost over a 20-year period (which incorporates the up-front cost of $1.8M for the six new wells)
is reduced from $14.7M to $6.9M (53%), relative to the current system.  

It is very important to distinguish the benefits of applying hydraulic optimization technology from other
benefits that may be achieved simply by “re-visiting” an existing pump-and-treat design.  For Tooele,
potential pumping reductions and cost savings that result from a change to a smaller target containment
zone primarily result from a change in conceptual strategy.  The benefit provided by hydraulic
optimization is that it allows mathematical optimal solutions for each conceptual strategy to be efficiently
calculated (whereas good solutions for each conceptual strategy may be difficult or impossible to achieve
with trial-and-error).
 
The hydraulic optimization analysis indicates that additional wells are required to satisfy constraints
representing plume containment for each scenario.  However, before new wells are considered, additional
analysis might be performed to determine if containment, in those areas not effectively captured by the
present system (according to the model), is in fact required to maintain protection of human health and the
environment.  It is possible that improved solutions with many fewer new wells are possible, if constraints
representing plume containment are relaxed in certain critical areas.   Additional hydraulic optimization
simulations could be performed to assess these options.
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6.0    CASE #3: OFFUTT

6.1 SITE BACKGROUND

6.1.1 Site Location and Hydrogeology

The facility is located in Sarpy County, Nebraska, next to the City of Bellevue (see Figure 6-1).  The
specific plume evaluated in this study is in the Southern Plume within the Hardfill 2 (HF2) Composite Site
at Offutt. The principal aquifer at the site consists of unconsolidated sediments resting on bedrock.   The
aquifer system is heterogeneous and complex.  Groundwater flows easterly and southeasterly (see Figure
6-2).  Depth to groundwater is generally 5 to 20 ft. The hydraulic conductivity of the alluvium varies
significantly with location and depth, due the complex stratigraphy.  

6.1.2 Plume Definition

Groundwater monitoring indicates that the primary contaminants are chlorinated aliphatic hydrocarbons
(CAH’s) including TCE, 1,2-dichloroethene (1,2-DCE), and vinyl chloride.  Releases (initially as TCE)
formed localized vadose zone and dissolved groundwater plumes.  Subsequent groundwater transport from
these multiple sources has resulted in groundwater contamination in shallow and deeper portions of the
Alluvial Aquifer.  

The extent of the Southern Plume is illustrated on Figure 6-3.   The core zones are defined as follows:

• shallow zone: upper 20 ft of saturated zone
• shallow-intermediate zone: from 930 ft MSL to 20 ft below water table
• intermediate zone: 910 ft MSL to 930 ft MSL
• deep zone: below 910 ft MSL

The Southern Plume is approximately 2400 ft long, and extends just beyond the southern site boundary.

6.1.3 Existing Remediation System
 
An interim remediation system is in place, and consists of three wells (see Figure 6-3), pumping a total of 
150 gpm:

• one “Toe Well” that is located within the southern plume, at 50 gpm; and
• two wells downgradient of the plume (the “LF wells”), at 100 gpm combined.  

The extracted water is discharged to a POTW.

The two LF wells are associated with a landfill located downgradient from the Southern Plume boundary. 
The LF wells are considered part of the interim system, because they provide a degree of ultimate
containment for the plume.  However, allowing the plume to spread towards the LF wells is considered to
be a negative long-term result.
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To prevent further spreading of the Southern Plume, a long term pump-and-treat system has been
designed, with the addition of a “Core Well” within the southern plume (see Figure 6-3).  The design of
the long-term system calls for 200 gpm total, as follows:

• one Toe well that is located within the southern plume, at 50 gpm; 
• one Core well that is located within the southern plume, at 50 gpm; and
• two wells downgradient of the plume (the “LF wells”), at 100 gpm combined.  

The intent is for the Toe well and Core well to prevent the Southern Plume from spreading beyond it’s
present extent (rather than allowing the plume to flow towards the LF wells), and also to more effectively
contain the source areas (because the core well is located immediately downgradient from the source
areas).  Under this scenario, the LF wells are not actually providing containment or cleanup for the
Southern Plume (in fact, pumping at the LF wells negatively impacts containment of the Southern Plume). 
The original purpose of the LF wells is not related to remediation of the Southern Plume, and it is hoped
that pumping at the LF wells may be reduced (or even terminated) in the future. 

6.1.4 Groundwater Flow Model

A three-dimensional, steady-state MODFLOW model was originally constructed in 1996.  In addition, a
solute transport model was created with the MT3D code (Zheng, 1990).  The groundwater models were
used to simulate various groundwater extraction scenarios. The current model has 6 layers, 77 rows, and
140 columns.  Cell size varies from 25 by 25 ft to 200 x 200 ft.  Layer 4 represents an alluvial sand layer,
and that layer has historically been evaluated with particle tracking to determine if containment is
achieved under a specific pumping scenario.  

The solute transport model indicates the following:

• under the interim system, pumping will be required for more than 20 yrs to maintain
containment (due to the continuing source), and concentrations near site boundary will be
reduced to MCL levels within 10 to 20 yrs;

• under the long-term design, pumping will be required at the Core well for more than 20
yrs to maintain containment (due to the continuing source), but cleanup of the area
downgradient of the core well will be achieved in less than 10 yrs.

In each case, some component of pumping is anticipated for “a very long time”, due to continuing sources.

6.1.5 Goals of a Hydraulic Optimization Analysis

A screening analysis performed for this site (see Volume 1) suggests that little savings are likely to result
from a reduction in total pumping.  In that screening analysis, a pumping rate reduction of 33 percent was
assumed.   For this project, a hydraulic optimization analysis was nevertheless performed, to provide
additional examples of hydraulic optimization techniques.  The goals of the hydraulic optimization
analysis are to:

(1) determine the extent to which pumping rates at the toe of the plume can actually be
reduced at this site, with and without the addition of new toe wells;
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(2) quantify the “containment efficiency” of the Core Well; and 

(3) quantify the extent to which pumping required for containment can be reduced in
response to reduced pumping rates at the downgradient LF wells.

Mathematical formulations for achieving these goals are presented below.  Then “mathematical optimal
solutions” for these formulations are presented, and discussed within the context of a “preferred
management solution”.

6.2 COMPONENTS OF MATHEMATICAL FORMULATION   

6.2.1 Representation of Plume Containment

A combination of head difference constraints, gradient constraints, and relative gradient constraints were
used to represent plume containment (see section 3.1.1 for an overview of the approach).  For this site,
this was accomplished with 4 head difference constraints, 34 gradient constraints, and 17 relative gradient
constraints (see Figure 6-4). Along the southern boundary of the plume, constraints were applied along  a
“smoothed” approximation of the plume boundary, rather than the actual plume boundary (which has an
irregular shape).  Constraints were applied in layer 4 of the model, consistent with previous particle
tracking analyses used to assess the interim and final design system (capture in other model  layers was
confirmed with particle tracking, external to the optimization algorithm).

6.2.2 Representation of Wells

Multi-aquifer wells:

The baseline scenario includes one Toe Well, one Core Well, and two LF wells.  Based on the model
layers and the screened interval of the wells, each is a multi-aquifer well.  In MODFLOW, the amount of
water discharged from a multi-aquifer well in each model layer is weighted by the relative transmissivity
of each layer at the specific grid block.   Balance constraints were specified in MODMAN ( see section
3.1.2)  to preserve the ratio of pumping between model layers for the multi-aquifer wells, as follows:

Well MODMAN Well Numbers Relationship

LF Well (PW3) Q1  ( Layer 3),   Q2 (Layer 4)     Q1 - 0.44Q2 = 0         (i.e., Q1/Q2 = 0.44)

LF Well (PW4) Q3  ( Layer 3),   Q4 (Layer 4)     Q3 - 0.49Q4 = 0         (i.e., Q3/Q4 = 0.49)

Toe Well Q5  ( Layer 4),   Q6 (Layer 6)     Q5 - 1.28Q6 = 0         (i.e., Q5/Q6 = 1.28)

Core Well Q7  ( Layer 3),   Q8 (Layer 4),
Q9  ( Layer 6)  

    Q8 - 9.03Q7 = 0         (i.e., Q8/Q7 = 9.03)
    Q8 - 1.31Q9 = 0         (i.e., Q8/Q9 = 1.31)

Some scenarios also considered nine additional well locations near the toe of the plume. These were also
multi-aquifer wells, assigned in model layers 4 and 6.  Balance constraints were also specified in
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MODMAN for these wells, to preserve the ratio of pumping between model layers.  Based on
transmissivities in the model, the ratio of 1.28 calculated for the existing Toe Well was also appropriate
for these additional wells. 

New Well Locations Considered:

For some scenarios, up to nine additional Toe Well locations were considered.  These locations are
illustrated on Figure 6-4, and were only placed in locations defined as “acceptable for wells” by the
installation.  As previously discussed, these wells were assigned to model layers 4 and 6 (i.e., multi-
aquifer wells).

Well Rate Limits:

Many MODMAN formulations were solved to evaluate the Offutt site.  For each formulation, some of the
well rates were “fixed”.  For instance, each of the LF wells might be fixed at 50 gpm for one formulation,
and at 40 gpm for the next formulation.  Although this can be accomplished by altering the MODMAN
input file and re-executing MODMAN for each formulation, it is more efficiently performed by simply
adjusting the well rate bounds in the MPS file that was originally created by MODMAN (see Appendix
H).  

For multi-aquifer wells, an additional calculation was made to determine the maximum rate allowed in
one specific model layer, based on the maximum rate allowed for the total well.

Example:    LF Well (PW-3),   max rate = 50 gpm

       Well names in MODMAN:   Q1 (Layer 1), Q2 (layer 2)
Well rate relationship: Q1/Q2 = 0.44    (i.e., Q1 = 0.44Q2)
Max rate for total well: Q1 + Q2 # 50 gpm
Substitute for Q1: Q2 + 0.44Q2 # 50 gpm
Determine limit for Q16 Q2  # 34.7 gpm

Limiting the Number of New Wells Selected:

In some hydraulic optimization scenarios where additional wells were considered, integer constraints (see
section 3.1.3) were specified, to allow the number of selected wells to be limited.

6.2.3 Objective Function

The objective function is “minimize total pumping in gpm”.  To achieve this, each pumping rate variable
was multiplied by an objective function coefficient of -0.005194.  The value of the coefficient converts
from MODFLOW units (ft3/d) into gpm, and the negative value of the coefficient accounts for the fact that
pumping rates in MODFLOW are negative.  By multiplying the negative MODFLOW rates by a negative
objective function coefficient,  the use of the term “minimize” becomes straightforward for the objective
function.
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6.3 SOLUTIONS FOR MINIMIZING PUMPING AT THE TOE WELL   

6.3.1 Core Well @ 50 gpm, LF Wells @ 100 gpm (Current Design)

The current system design assumes total pumping of 100 gpm at the LF wells, and assumes 50 gpm at the
Core Well.  In the current design, the Toe Well pumps at 50 gpm.  The purpose of this initial analysis is to
determine if pumping at the Toe Well can be reduced while containment is maintained, given the assumed
pumping at the LF wells and the Core Well.

The mathematical optimal solution for this case is very similar to the current design:

Current Design
(gpm)

Mathematical Optimal
Solution (gpm)

LF Wells (Fixed) 100 100

Core Well (Fixed) 50 50

Toe Well 50 52

Total rate 200 202

*Note: Rate at LF wells is combined rate at two wells, divided evenly

The rate at the Toe Well in the mathematical optimal solution is actually higher than in the current design,
which is caused by approximations in the constraints representing plume containment.  

These results indicate that current system design is essentially optimal, given these well locations and the
assumed pumping rates for the LF wells and the Core Well.

6.3.2 Core Well @ 50 gpm, Vary Rate at LF Wells

The installation has indicated that, over time, the pumping rate at the LF wells (located downgradient of
the Southern plume) will likely decline.  Such decisions may impact management options for containing
the Southern Plume.

These hydraulic optimization simulations are performed to determine the extent that pumping can be
reduced at the existing Toe Well, if pumping at the LF wells is reduced.  In each case, the Core Well is
assumed to maintain a pumping rate of 50 gpm.  The mathematical optimal solutions are presented below:

Fixed Rate at 
LF Wells 

(gpm)

Fixed Rate at 
Core Well

 (gpm)

Mathematical Optimal 
Solution at Toe Well 

(gpm)
Total Rate

(gpm)

100 50 52 202

80 50 47 177



Fixed Rate at 
LF Wells 

(gpm)

Fixed Rate at 
Core Well

 (gpm)

Mathematical Optimal 
Solution at Toe Well 

(gpm)
Total Rate

(gpm)
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60 50 41 151

40 50 36 126

 20 50 31 101

0 50 25 75

*Note: Rate at LF wells is combined rate at two wells, divided evenly

The results indicate that pumping at the Toe Well can be reduced when pumping at the LF wells is
reduced. For each 20 gpm reduction in combined pumping at the LF wells, a 5 gpm reduction in Toe Well
pumping can be realized.  This is extremely useful information from a management perspective.  Each 5
gpm reduction in Toe Well pumping reduces  discharge costs by approximately $2000/yr.  Therefore, if
pumping at the LF wells is reduced from 100 gpm to zero, a corresponding rate reduction of
approximately 25 gpm at the existing Toe Well is possible, with a savings of  $10,000/yr.  

6.3.3 Vary rate at Core Well, LF Wells @ 100 gpm

The current design includes 50 gpm at the Core Well, to accelerate mass removal.  In general, containment
is most efficient when pumping wells remove water near the toe of the plume.  However, pumping in the
core of the plume may also contribute to overall plume containment, such that the addition of core
pumping may permit pumping near the toe of the plume to be reduced, without compromising plume
containment.   Hydraulic optimization can be used to quantify that relationship. 

For these simulations, the LF wells are assumed to pump at total of 100 gpm (as in the baseline system). 
The mathematical optimal solutions are as follows:

Fixed Rate at 
Core Well (gpm)

Mathematical Optimal
Solution at Toe Well (gpm)

Total Pumping at Toe Well 
Plus Core Well (gpm)

50 52 102

40 56  96 

30 61    91   

20 65 85

10 69 79

0 74 74

The results indicate that for each increase of 10 gpm at the Core Well, required pumping at the Toe Well
is decreased by approximately 4.5 gpm.  As discussed in Section 3.3.3, this can be expressed as
“containment efficiency” of the Core Well:

containment efficiency = 4.5/10.0 = 45%
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The results provided by MODMAN allow additional annual costs associated with core well pumping to be
quantified.  If the Core Well is not pumped, only 74 gpm at is required to contain the plume (in addition to
the 100 gpm at the LF wells).  If the Core Well is pumped at 50 gpm, and the Toe well pumping is reduced
to 52 gpm, a net pumping increase of 28 gpm is incurred.  This extra pumping increases discharge costs by
approximately $11,000/yr.  This is a relatively small cost, considering that accelerated mass removal (and
potentially a reduced remediation timeframe for a portion of the plume) is provided by the pumping at the
Core Well.  

6.3.4 Vary rate at Core Well, LF Wells @ 0 gpm

These simulations are nearly identical to those just presented, except that for these simulations the LF
wells are assumed to pump at total of 0 gpm as (instead of 100 gpm).  This allows the impacts of the Core
Well pumping on total pumping rate to be assessed for conditions that might occur in the future.  

The mathematical optimal solutions are as follows:

Fixed Rate at 
Core Well (gpm)

Mathematical Optimal
Solution at Toe Well (gpm)

Total Pumping at Toe Well 
Plus Core Well (gpm)

50 25 75

40 29 69

30 34 64

20 38 58

 10 43 53

0 47 47

These results also indicate that for each increase of 10 gpm at the Core Well, required pumping at the Toe
Well is decreased by approximately 4.5 gpm (containment efficiency of 45%).   Note these are the same
general results as determined for the case where the LF wells are pumping at 100 gpm.  This indicates
that, in this case, that pumping at the LF wells does not impact the containment efficiency of the Core
Well.

6.4 CONSIDER NINE ADDITIONAL WELL LOCATIONS AT PLUME TOE             

6.4.1 Solutions for a Single Toe Well  

The purpose of these simulations is to determine if a better location for a single Toe Well might have been
found if mathematical optimization had been performed during the original design process.   In addition to
the existing Toe Well, nine additional locations (referred to as NW-1 through NW-9) were specified as
potential well locations.  These locations are illustrated in Figure 6.4, and were only placed in locations
defined as “acceptable for wells” by the installation.  Integer constraints were specified to limit the
number of toe wells actively pumping to one (out of 10 potential locations including the existing Toe
Well).  
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Mathematical optimal solutions were determined for each of the following scenarios:

• Core Well = 50 gpm, LF wells = 100 gpm (baseline scenario)
• Core Well = 50 gpm, LF wells =     0 gpm
• Core Well =   0 gpm, LF wells = 100 gpm
• Core Well =   0 gpm, LF wells =     0 gpm 

The results are as follows:

Scenario

Mathematical Optimal
Solution for Existing

Toe Well (gpm)

Mathematical Optimal
Solution For Any One of
the 10 Toe Wells (gpm)

Reduction in 
Toe Pumping

 Using Alternate Well

Core Well = 50 gpm
LF Wells = 100 gpm

52
(Existing Toe Well)

38
(NW-4)

14 gpm
(28%)

Core Well = 50 gpm
LF Wells = 0 gpm

25
(Existing Toe Well

21
(NW-4)

4 gpm
(18%)

Core Well = 0 gpm
LF Wells = 100 gpm

74
(Existing Toe well)

74
(Existing Toe Well)

0 gpm
(0%)

Core Well = 0 gpm
LW Wells = 0 gpm

47
(Existing Toe Well)

46
(NW-1)

1 gpm
(1%)

*note: percentage reductions in last column calculated with non-rounded values

These results indicate that no single Toe Well location is best for all scenarios.  For scenarios without
pumping in the core of the plume, the location of the existing Toe Well is essentially optimal.  However,
for cases where there is pumping at the Core Well, a different location (NW-4) is optimal, with a potential
reduction in pumping near the toe of the plume of approximately 4 to 14 gpm (18-28%).  

6.4.2 Solutions for Multiple Toe Wells

Figure 6-5  illustrates a variety of mathematical optimal solutions for each of the following scenarios:

• Core Well = 50 gpm, LF wells = 100 gpm
• Core Well = 50 gpm, LF wells =     0 gpm
• Core Well =   0 gpm, LF wells = 100 gpm
• Core Well =   0 gpm, LF wells =     0 gpm

These figures present the optimal total rate at the selected Toe Wells for solutions with 1 to 5 Toe wells. 
Note that there are diminishing returns (in terms of pumping rate reduction) as more Toe Wells are
allowed.

For scenarios with 50 gpm at the Core Well, there is little benefit to increasing the number of wells.   For
instance, the maximum reduction in total Toe Well pumping afforded by adding one well is approximately
5 gpm, which translates to a savings in discharge costs of approximately $2,000/yr.  This does not
compare favorably with the up-front costs of installing a new well (approximately $40,000).
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For scenarios without pumping at the Core Well, greater reductions in total Toe Well pumping are
afforded by adding a second well.  Potential pumpage reductions of approximately 15 to 20 gpm are
possible by adding a second well, which translates to a savings in discharge costs of $6,000 to $8,000/yr. 
However, this yields marginal benefits when one considers the up-front costs of installing a new well
(approximately $40,000).

6.5 DISCUSSION & PREFERRED MANAGEMENT SOLUTION

For the current system design (a Core Well at 50 gpm, a Toe Well at 50 gpm, and two dowgradient LF
wells at a combined rate of 100 gpm), the hydraulic optimization results indicate that the pumping rate at
the Toe Well is essentially optimal for achieving containment (given the fixed rates at the other wells). 
This might be expected, because the benefits of hydraulic optimization are diminished in cases where only
a few well locations are evaluated.  In those cases, a good modeler may achieve near-optimal (or optimal)
solutions by performing trial-and-error simulations.

The existing Toe Well location plus nine additional Toe Well locations were considered with hydraulic
optimization, in conjunction with various combinations of well rates assigned for the Core Well and the
LF wells.  First, only one Toe Well location was allowed.  For scenarios without pumping in the core of
the plume, the location of the existing Toe Well was essentially optimal.  However, for cases with
pumping at the Core Well, a different location was optimal, with a potential reduction in pumping near the
toe of the plume of approximately 4 to 14 gpm (18-28%).  Had hydraulic optimization been performed
during the design process, a different Toe Well location may have been selected on the basis of these
results.  However, the annual savings in discharge costs that would have resulted would have been
relatively minor (less than $6K/yr).  When selection of two Toe Well locations was allowed, results
indicated that potential pumping rate reductions (and corresponding reductions in discharge costs) would
be marginal, relative to the costs of installing a new well.

Hydraulic optimization allows sensitivity of mathematical optimal solutions to be quantified with respect
to other non-managed stresses.  In this case, the pumping rates at the LF wells are managed separately
from the plume management wells, yet increased pumping at the LF wells negatively impacts the ability of
plume management wells to contain the plume.  Results of the hydraulic optimization analyses indicate
that, for each 20 gpm reduction at the LF wells, a corresponding reduction of 5 gpm can be implemented
at the Toe Well.  This is useful information from a management perspective.

The containment efficiency of the Core Well was quantified (45 percent). For each 10 gpm increase at the
Core Well, containment can be maintained with a corresponding reduction of 4.5 gpm at the Toe Well.
For this site, core zone pumping yields benefits (source area containment, allowing potential cleanup of
downgradient portions of the plume).   The additional annual cost of operating a core well (due to
increased total pumping required for containment) is small at this site, and a strategy that includes a Core
Wells seems preferable to a “containment-only” strategy.

The preferred management strategy at this site is to implement the current system design.  Little or no
benefit would be achieved by adding an additional Toe Well. However, if pumping rates at the LF wells
are reduced in the future, corresponding rate reductions can be made at the existing Toe Well (for each 20
gpm reduction at the LF wells, a corresponding reduction of 5 gpm can be implemented at the Toe Well). 
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These conclusions are consistent with the screening analysis performed in Volume 1, which indicated that
little potential costs savings would result from reductions in pumping rate of as much as 33 percent.  The
reason is that, at this site,  annual O&M costs directly related to pumping rates are quite low
(approximately $400/gpm/yr).  Therefore, even when improved pumping rate solutions are obtained with
hydraulic optimization, the cost benefits are marginal.   Nevertheless, the strategies for applying hydraulic
optimization demonstrated for this site can be applied at other sites, particularly where net cost benefits
are likely to be greater.
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7.0    DISCUSSION AND CONCLUSIONS

Hydraulic optimization couples simulations of groundwater flow with optimization techniques such as
linear and mixed-integer programming.  Hydraulic optimization allows all potential combinations of well
rates at specific locations to be mathematically evaluated with respect to an objective function (e.g.,
minimize total pumping) and series of constraints (e.g., the plume must be contained).  The hydraulic
optimization code quickly determines the best set of well rates, such that the objective function is
minimized and all constraints are satisfied. 

For this document, the term “optimization” for pump-and-treat design was refined as follows:

Mathematical Optimal Solution.  The best solution, determined with a  mathematical optimization
technique, for a specific mathematical formulation (defined by a specific objective function and
set of constraints); and

Preferred Management Solution.  A preferred management strategy based on a discrete set of
mathematical optimal solutions, as well as on factors (e.g., costs, risks, uncertainties, impediments
to change) not explicitly considered in those mathematical solutions. 

For this demonstration project, hydraulic optimization was applied at three sites with existing pump-and-
treat systems.  For each case study, many mathematical formulations were developed, and many
mathematical optimal solutions were determined.  For each site, a  preferred management solution was
then suggested.  The three sites can be summarized as follows:

Site
Existing 

Pumping Rate
Cost

Per gpm
Potential Savings from
System Modification

Kentucky Moderate High $Millions

Tooele High Low $Millions

Offutt Low Low Little or None

At two of the sites (Kentucky and Tooele), pumping solutions were obtained that have the potential to
yield millions of dollars of savings, relative to costs associated with the current pumping rates.

In cases where only a few well locations are considered, the benefits of hydraulic optimization are
diminished.  In those cases, a good modeler may achieve near-optimal (or optimal) solutions by
performing trial-and-error simulations.  This was demonstrated by the Offutt case study.  However, as the
number of potential well locations increases, it becomes more likely that hydraulic optimization will yield
improved pumping solutions, relative to a trial-and-error approach.  This was demonstrated by potential
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pumping rate reductions suggested by the hydraulic optimization results for the Kentucky and Tooele case
studies.

These case studies illustrate a variety of strategies for evaluating pump-and-treat designs with hydraulic
optimization.   Components of mathematical formulations demonstrated with these case studies include: 

Item Demonstrated Kentucky Tooele Offutt

objective function minimizes total pumping X X X

objective function minimizes cost X

multi-aquifer wells X X

plume containment with head limits X

plume containment with head difference limits X X

plume containment with relative gradient limits X X

integer constraints (limiting # of wells selected) X X X

sensitivity of solutions to # of wells selected X X X

scenario for “containment only” X X X

scenarios with core zone extraction X X X

“containment efficiency” of core zone wells evaluated X X

multiple target containment zones X

reinjection of treated water X

sensitivity of solutions to conservatism of constraints X

sensitivity of solution to non-managed stresses X

For each of the three case studies, an analysis was performed to illustrate the sensitivity of mathematical
optimal solutions to limits placed on the number of wells.  For each of the three case studies, an analysis
was also performed to evaluate changes in the mathematical optimal solution when new well locations
were considered.   For the Kentucky site, an analysis was performed to illustrate the sensitivity of the
mathematical optimal solution to conservatism in the constraints representing plume containment.  All of
these types of analyses can be efficiently conducted with hydraulic optimization techniques.  In most
cases, these types of analyses are difficult (if not impossible) to comprehensively perform with a trial-and-
error approach.  It is important to note that the case studies presented in this report are for facilities with
existing pump-and-treat systems.  Mathematical optimization techniques can also be applied 
during initial system design, to generate improved solutions versus a trial-and-error approach. 
  
Hydraulic optimization cannot incorporate simulations of contaminant concentrations or cleanup time. 
For that reason, hydraulic optimization is generally most applicable to problems where plume containment
is the prominent goal.  However, two of the case studies (Kentucky and Offutt) illustrate that hydraulic
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optimization can be used to determine the “containment efficiency” of wells placed in the core zone of a
plume.  This type of analysis can be performed to compare a “containment only” strategy to a strategy
with additional core zone wells (to accelerate mass removal).  The  “containment efficiency” of the core
zone wells, determined with hydraulic optimization, quantifies potential pumping reductions at
containment wells when the core zone pumping is added, such that containment is maintained.  These
pumping reductions (also difficult or impossible to determine with a trial-and-error approach) can
potentially yield considerable savings, as demonstrated for the Kentucky site.

It is very important to distinguish the benefits of applying hydraulic optimization technology from other
benefits that may be achieved simply by “re-visiting” an existing pump-and-treat design.  In some cases,
the underlying benefits associated with a system modification may be primarily due to a modified
conceptual strategy.  For instance, the Tooele case study includes analyses for different target containment
zones.  The potential pumping reductions and cost savings that result from a change to a smaller target
containment zone primarily result from the change in conceptual strategy.  The benefit provided by
hydraulic optimization is that it allows mathematical optimal solutions for each conceptual strategy to be
efficiently calculated and compared (whereas good solutions for each conceptual strategy may be difficult
or impossible to achieve with trial-and-error).

The case studies demonstrate that there are a large variety of objective functions, constraints, and
application strategies potentially available within the context of hydraulic optimization.  Therefore, the
development of a “preferred management solution” for a specific site depends not only on the availability
of hydraulic optimization technology, but also on the ability to formulate meaningful mathematical
formulations.  That ability is a function of the skill and experience of the individuals performing the work,
as well as the quality of site-specific information available to them. 

These case studies demonstrate ways in which hydraulic optimization techniques can be applied to
evaluate pump-and-treat designs.  The types of analyses performed for these three sites can be applied to a
wide variety of sites where pump-and-treat systems currently exist or are being considered.  However, the
results of any particular hydraulic optimization analysis are highly site-specific, and are difficult to
generalize.  For instance, a hydraulic optimization analysis at one site may indicate that the installation of
new wells yields little benefit.  That result cannot be generally applied to all sites.  Rather, a site-specific
analysis for each site is required.  A spreadsheet-based screening analysis (presented in Volume 1 of this
report) can be used to quickly determine if significant cost savings are likely to be achieved at a site by
reducing total pumping rate.  Those sites are good candidates for a hydraulic optimization analysis. 
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