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Abstract 
A linear programming simulation/optimization model has been developed for east
central Florida to determine water resource allocation strategies that satisfy future 
public supply utility and agricultural demands, maintain spring discharges above 
critical levels, and minimize water level drawdown in the Upper Floridan aquifer. 
The model's ability to simulate the response of the Floridan Aquifer system was 
verified using MODFLOW. GIS was integrated into the study to identify the 
extent of draw down and the locations of wells. 
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1 INTRODUCTION 

Public supply water demands in the east-central Florida area are expected to 
double between the years 1988 and 2010, to over 400 MGD. Current plans to 
meet this demand with additional withdrawals from the Floridan Aquifer system 
are projected to result in potential water resource problems related to impacts to 
native vegetation, reduction in spring discharges, and saltwater intrusion. 
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The St. Johns River Water Management District (SJRWMD) is one of five water 
management districts in Florida. SJRWMD encompasses approximately 12 400 
square miles over east-central and northeast Florida. Florida law requires each 
district to evaluate its needs and sources for the year 2010 and every 5 years 
thereafter. Districts are expected to develop allocation strategies that solve the 
identified water resource problems based on economic, environmental, and 
technical analyses. Many allocation plans can be identified which meet individual 
user needs but do not satisfy all of the SJRWMD resource protection goals. 
Optimization modeling is used to identify a concise set of water allocation 
strategies that satisfy all specified resource management objectives. 

2 OPTIMIZATION MODELING 

An optimization model consists of an objective function, or quantity that is 
minimized or maximized, and a set of constraints that must be satisfied. 
Optimization models can incorporate information from groundwater simulation 
models. Such a combined approach contains optimization algorithms and 
simulation equations so that the management model correctly emulates the aquifer 
responses to internal and external fluxes. A combined model computes the optimal 
pumping strategy directly under specified constraints. For groundwater 
management, withdrawal rates represent the stimuli, and pressure heads or fluid 
fluxes represent the system response. 

Many models represent the relationship between the aquifer system response 
and its stimuli using the unit response matrix approach of Deininger (1970) or the 
embedded method of Aguado and Remson (1974). The unit response matrix 
method only requires decision variables at identified control points, significantly 
reducing the dimensionality of the problem compared to the embedded method. 
The response matrix incorporates influence coefficients from the numerical ground 
water simulation model to compute the system response to a unit stimulus. The 
principle of superposition is applied such that a linear combination of individual 
well influence functions approximates the aquifer response to multiple wells. The 
true simulation model response is obtained from the simulation model using the 
optimized withdrawal strategy. Previous relevant SJRWMD studies using this 
approach include Burger et al. (1995) and Demas and Burger (1995). 

3 STUDY AREA 

The east-central Florida model grid includes all of Orlando and all or part of Lake, 
Seminole, Brevard, Volusia, and Osceola counties. The source for water supply 
within the study area is the Floridan aquifer, one of the world's largest and most 
productive limestone aquifers, consisting of two distinct producing zones called 
the Upper Floridan and Lower Floridan aquifer systems. These two aquifers are 
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separated by a layer of dolomitic limestone known as the middle semiconfining 
unit. At some locations the Upper Floridan aquifer is artesian, giving rise to 17 
springs. The water quality of the Upper Floridan aquifer is generally of higher 
quality than that of the Lower Floridan aquifer and is the primary source of 
drinking water in the East-central region. Portions of the Lower Floridan aquifer 
are also tapped as a source of water in central and western Orange county, and in 
southern and south-western Seminole county. Water quality in the Upper Floridan 
is generally good in the western portion of the east-central region, where chloride, 
sulphate, and TDS concentrations are below the secondary drinking water 
standards of 250, 250, and 500 mg/L respectively. Chloride and TDS 
concentrations in the Upper Floridan aquifer generally exceed secondary drinking 
water standards throughout Brevard county and in eastern Volusia county, where 
salt water can exist within the Floridan aquifer system to a depth of 2 000 ft. 

4 WELLS, DEMAND AREAS, AND SPRINGS 

The east-central model has 332 public supply utility wells serving 71 public 
demand areas and 362 agricultural wells serving 69 agricultural demand areas. 
Table 1 displays a well withdrawal summary for the region. 

Table 1 Total water withdrawals for east-central Florida by type 

1988 Total Projected 2010 Total % ofTotal2010 
(cfd) (cfd) Withdrawal 

Public Upper 24 530 781 48 621 860 58.1 
Floridan 
Public Lower 9 967 942 21 816 098 26.0 
Floridan 
Agricultural 13 290 659 13 290 659 15.9 
Sum 47 789 382 83 728 617 100 

The 17 springs in the east-central region have discharges ranging from 0.6 to 92 
cfs. Spring conductance and elevation head are constant in the simulation model 
so that a reduction in spring discharge is due to a reduction in Upper Floridan 
potentiometric head. Though minimum discharges have been established for only 
8 of the 17 springs, a projected decrease in spring discharge of 15% or more from 
year 1988 is considered sufficient to pose a reasonable likelihood of natural 
systems problems (Vergara, 1994). Several springs are near public wells scheduled 
for large withdrawals, including Starbuck, Palm, Sanlando, and Apopka springs. 
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5 GROUNDWATER FLOW MODEL 

A three-dimensional, finite-difference groundwater simulation model for east
central Florida was developed by HydroGeologic (1992). Specified head, head
dependent flux, and zero flux boundary conditions are employed. The model 
simulates spatially variable evapotranspiration, recharge, discharge, head
dependent spring flows, and outflow to agricultural and public supply utility wells. 
There are two active aquifer layers separated by a semiconfining unit. The 
groundwater simulation model code used is MODFLOW (McDonald and 
Harbaugh, 1988), which has been used and verified extensively in groundwater 
applications. The finite-difference grid consists of 137 rows by 119 columns 
and 2 layers for a total of 32 606 cells of which only 27 802 are active due to 
boundary condition configurations. The smallest cells are 1 050 ft by 900 ft where 
the density of public supply wells is high, mostly in the Orlando metropolitan area. 

6 MODEL FORMULATION 

An optimization model was developed to investigate optimal water allocation 
strategies that met year 2010 demands in the project area. The model relies on two 
withdrawal conditions to form a basis for improvements: the initial year 1988 
condition and the perturbation from a projected year 2010 nonoptimized condition. 
The model uses 157 of the 332 public utility wells as control points where Upper 
Floridan aquifer drawdown is evaluated and constrained. Drawdown is defined as 
the reduction in potentiometric head from a simulated year 1988 level. The general 
optimization model consists of the following components : 

Minimize (1) 
h j 

subject to: 

Dh = hoh- hnoh + Iai,h(Q;- qno;) (2) 

(3) 

(4) 

(5) 

(6) 
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with indices h, the set of 157 control points where Upper Floridan aquifer 
drawdowns are constrained; i, the set of 694 public supply utility and agricultural 
wells; j, the set of 140 demand areas; and /, the set of 17 springs. Decision 
variables are Dh, Upper Floridan drawdown at point h, Q,, withdrawal rate of well 
i in cfd, and ~. deficit for area j in cfd, with Q, and Fi nonnegative. Table 2 
describes model parameters below. 

Table 2 Parameters 

Name 

a,.h 
11.1 
serv11 

qno; 
cap; 
hoh 
hnoh 
hso, 
hsno, 
dm, 
s!, 
sp, 
a 

Units 

cfd 
cfd 
ft 
ft 
ft 
ft 
cfd 

Description 
influence of well i on control point h 
influence of well i on spring l 
service map: well i serves need areaj 
projected 2010 nonoptimized withdrawal rate for well i 
capacity of well i 
1988 Upper Floridan head at control point h 
projected 2010 nonoptimized Upper Floridan head at point h 
1988 head at spring l 
projected 2010 nonoptimized head at spring l 
projected 2010 water demand of area j 
maximum fraction of head loss at control point h 
minimum fraction of year 1988 discharge at spring l 
penalty multiplier in objective function for source F1 

The model objective function (1) is the sum of all drawdowns and deficits. 
Upper Floridan potentiometric drawdown is calculated in (2) by the influence 
coefficients and changes in well withdrawal, while (3) constrains the fraction of 
allowable head loss from year 1988. The fraction of spring discharge loss from 
year 1988 is constrained in ( 4 ). Water management constraints include 
maintaining well withdrawal rates within operating capacity (5), and satisfying 
public supply utility and agricultural demands (6). 

7 APPLICATIONS 

Two applications of the model were investigated using a base development year of 
1988 and the simplex algorithm to solve the resulting linear programming 
problem. Model 1 constrained losses in spring discharge and Upper Floridan head 
to less than 15% of simulation year 1988 values. Model 2 constrained these losses 
to 20% of simulation year 1988 values. The models are written in GAMS (Brooke, 
1992) and solved with CPLEX (1996). ARC/INFO's geographical information 
system (GIS) was used to locate model components, to specify constraints, and to 
generate visual displays. 
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Model 1 results are displayed in Figure 1, which shows the difference in 
potentiometric head from the nonoptimized projected year 2010 strategy. The 
maximum Upper Floridan drawdown is greatly reduced from 25.3 ft in the 
nonoptimized case to 10.5 ft for modell and 10.8 ft for model 2, while the sum of 
drawdowns at control points is reduced by 48% for Modell and 36% for Model 2. 
Average improvement at all active cells in the simulation model is 42% for Model 
1 and 30% for Model 2. Six public demand areas were unable to satisfy their 
water requirements in Model 1 for a total of 9 340 700 cfd of deficits amounting to 
13% of the total year 2010 water demand. The largest deficits are at the Orlando 
Utilities Commission and Orange County Public Utilities Division East, the two 
public areas with the largest projected year 2010 water demands. Figure 2 shows 
the fraction of year 1988 spring discharge attained for selected springs with 
average spring discharge increases of 12% for Modell and 7% for Model2 . 
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Figure 1 Head difference between optimization model 1 and nonoptimized case 
for east-central Florida 
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Figure 2 Fraction of year 1988 spring discharge attained for selected springs 

Comparisons of the optimization model predictions and MODFLOW simulation 
model results display a high degree of linearity. The maximum error is on the 
order of five inches for drawdowns at control points having typical values of about 
six feet. 

8 CONCLUSIONS 

A site-specific large-scale water resource allocation optimization model was 
developed for east-central Florida using a combined simulation/optimization 
technique. The goal of minimizing upper Floridan aquifer drawdown while 
satisfying public supply utility and agricultural water demands and maintaining 
spring discharges above critical levels was explored. The model determined which 
wells should be used and their optimal withdrawal rates, and identified demand 
areas that may have potential problems with meeting their needs. Future model 
development will consider saltwater intrusion, potential for vegetative harm, the 
extension to a mixed integer formulation with alternate water sources for the 
identified deficits such as reclaimed water, surface water, and interconnects, fixed 
and unit charge constraints associated with their implementation, and consumptive 
use permitting data. 
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