
INTRODUCTION
Due to the increased population in coastal zones,

many communities are faced with water shortage prob-
lems. The shortfall in water supply is often met by
pumping groundwater, which sometimes leads to the
over-exploitation of aquifers (Bear and Cheng, 1999).
The extraction of groundwater from coastal aquifers
reduces freshwater outfow to the sea and creates local
water table depression, causing seawater to migrate
inland and rising toward the wells. The increase in salin-
ity renders the water undrinkable or unusable; and
wells have to be abandoned. To avert this trend, which
is unsustainable in the long-term, many coastal water
management agencies have implemented policies to
regulate groundwater withdrawal. The goal is to
achieve the maximum utilization of fresh groundwater
with minimum cost, yet without damaging the aquifers
as a long-term source of water supply. The explicit mod-
eling of saltwater encroachment into individual wells
leading to the removal of contaminated wells from serv-
ice is found in Cheng, et al. (1999). The action of turn-
ing on and off wells creates discontinuities in the simu-
lation process, making the gradient based search pro-
cedure for optimal solution infeasible. The existence of
multiple local minima in the search space can also cre-
ate difficulties that cannot be overcome by traditional
optimization techniques. A genetic algorithm (GA)
(Goldberg, 1989 ; Michalewicz; 1992) is considered to
be a robust technique capable of searching near-opti-
mal solutions while accommodating nonlinearity, non-
convexity, and discontinuity.

The model is then applied to the aquifer system
underlain the City of Miami Beach in the northeast
Spain to optimize its groundwater supply.

MANAGEMENT OBJECTIVES
The management objective of the coastal pumping

operation is to maximize the economic benefit from the
pumped water and minimize the utility cost of lifting

the water. For simplicity, we assume that the value of
water and the utility cost are both linear functions of
well discharge , the objective is then to maximize the
benefit function Z :

(1) 

with respect to the design variables . In the above
is the economic benefit per unit well

discharge, is the cost per unit discharge per unit lift
distance, is the ground elevation at well i, and is the
water level in well i.

The pumping operation is subject to some con-
straints. First, the discharge of each well should stay
within the specified limits of and , set by the pump
capacity, maximum well drawdown limit, and minimum
feasible operational conditions,

, or  Qi =0     (2)

where the second condition is provided to allow
the well to be inactive. Second, it is required

that saltwater wedge does not invade the active
wells

at y = yi ; for active wells     (3)

where (xi, yi) are coordinates of the well, and  is the
saltwater toe location in front of the well. GA does not
directly deal with constraints; hence the constrained
problem described in (1), (2), and (3) needs to be con-
verted to an unconstrained one. This is accomplished by
imposing penalty for the violation of constraints in the
objective function. Equation (1) is then modified to
accommodate the chance constraint (3):

(4)

Where r is the penalty factor and is an integer such
that =0 for <, and =1 for >. We notice that the con-
straint (2) is not included in (4) because is automatical-
ly satisfied by the definition of  population space in GA.
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CASE STUDY–MIAMI BEACH, SPAIN
The above-proposed optimization model has been

applied to the practical application of a case study for
the City of Miami Beach in the northeast Spain (figure
1). For many years, the aquifer has been one of the
most important water-supply source for the City of
Miami Beach for domestic purposes. The study area is
located southwest of the City of Tarragona and encom-
passes about 17 km2 . Lithology of Miami aquifer con-
sists unconsolidated sediments of Quaternary age,
with pore permeability, corresponding to coastal pied-
monts and alluvial fans, and is generally unconfined
and single-layered. The sediment consists of clay and
gravel, and overlie a blue clay of Pliocene age, which
constitutes the effective lower hydrologic boundary. Its
hydraulic parameters are estimated to be: hydraulic
conductivity K = 14 m/day, freshwater outfow rate
q = 1.2 m3 /day/m, average aquifer thickness d = 30
m, and densities of freshwater and saltwater ρf = 1.0
g/cm 3 and ρs = 1.025 g/cm3. The uniform benefit rate
for water is 0.01Û per m3 , and the utility cost is
0.0002 Û per m3 of water and per m lift. figure 2 gives
an aerial view of the coast and the locations of 25
pumping wells in the aquifer. The well coordinates are
shown in column 2 and 3 in table 1. For each well, a
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Figure 1. Situation of  Miami unconfined  aquifer

Table 1. Pumping wells input data for the unconfined aquifer of Miami beach



lower bound Qmin and an upper bound Qmax are given
for pumping rate, as shown in column 4 and 5. The fol-
lowing parameters of GA are used: population size =
20, maximum number of generations = 200. Different
values of crossover and mutation probabilities were
used during the testing phase. For results presented
here, pc = 0.7 and pm = 0.1 are used.

Figure 2. Saltwater intrusion front for the optimal spatially
distributed pumping and total pumping from the Miami aqui-
fer and the correspondent optimal solution for their net bene-
fit. The  total pumping rate is 8929,31 m3/day and the net
benefit is 10568,52 € /year.

CONCLUSION
In this paper we have presented a nonlinear opti-

mization problem that manages the groundwater sup-
plies under conditions of potential saltwater intrusion.
The model considers the economic management objec-
tive : beneficial and cost-effective allocation of avail-
able groundwater supplies. This model maximizes the
total benefit by optimizing the pumping distributions
over space. The  methodology developed here accom-
modates multiples pumping wells, and steady-state

conditions. Non linear constraints on minimization of
saltwater intrusion to the wells due to groundwater
overdraft have to be incorporated to solve the problem.

The analytical solution sharp interface approach
and optimization model are linked by incorporating the
analytical solution into the optimization algorithm. The
final product is the optimum pumping distributions that
allows the manager to assess the relative importance of
economic criteria as well as the minimum saltwater
intrusion invaded to the wells. The coupling of the ana-
lytical solution sharp interface approach with GAs is a
very  promising tool for use in solving this economic
objective optimization problem for a first approxima-
tion.

The primary goal of implementing the case study
was to test the methodology for the optimization
model. The results were analyzed to see  if they reflect-
ed the optimal policy for the objective , the effects of
the system constraints, and the state of groundwater
system.

In the above problem we did not address uncer-
tainties in parameter estimates, boundary conditions,
and imposed stresses, for the deterministic manage-
ment is the focus of the present paper. The stochastic
management issue will be presented in next paper.
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