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abstract
This study develops a methodology based on simulation-optimization to derive optimal combined 
operation plans for the management of production and barrier wells in a coastal aquifer in order 
to ensure the sustainable use of the fresh water resource. A numerical model for the simulation of 
saltwater intrusion process, a neural network based meta-model and a multi-objective genetic al-
gorithm are used in a linked simulation-optimization approach to develop the management model. 
The pumping strategies derived using the management model was found to be effective in finding 
optimal and sustainable operation strategies for coastal well fields by controlling saltwater intrusion.
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1. Introduction

Coastal aquifers are a major source of fresh ground-
water in many parts of the world. It has been estimated 
that more than 60% of the ever increasing human popu-
lation is concentrated within 60 km from the coasts [1]. 
Majority of the big cities of the world are located in 
the coastal zones as they are the zones of major socio-
economic activities. The ever increasing settlements and 
growth of industry and associated activities puts stress 
on the available freshwater sources in the coastal zone. 
As the groundwater in coastal aquifers is hydraulically 
connected to the sea unplanned overexploitation of these 
groundwater resources leads to eventual contamination 
of the freshwater aquifer due to saltwater intrusion. 
Hence, careful planning is needed in the management of 

groundwater extraction from coastal aquifers. This study 
develops a methodology for the integrated management 
of pumping from production wells and barrier wells in 
a coastal aquifer. 

Saltwater intrusion is defined as the inflow of saline 
water in an aquifer system. Salinity intrusion occurs due 
to the movement of seawater towards the freshwater aqui-
fer thereby creating brackish environment. Near coastal 
areas, fresh water and seawater maintains equilibrium 
with the heavier seawater underlying the freshwater 
due to the hydrodynamic mechanism. A diffuse interface 
exists between them with the density of water gradually 
decreasing from the seawater side to the fresh water side. 
The mixing zone or transition zone has varying thick-
nesses depending on the coastal aquifer environment. 
Large scale saltwater intrusion problems occur when the 
interface between fresh and saline groundwater moves 
slowly and smoothly in upward and/or inland direction.  
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This large scale displacement can be caused by ground-
water abstraction, sea level changes, land reclamation 
and excavation etc. 

Salinity intrusion in coastal aquifers is a highly non-
linear and complex process [2]. Once salinity intrusion 
occurs, it involves long-term measures incurring huge 
costs to remediate these contaminated aquifers. Dif-
ferent structural and hydraulic measures are available 
to prevent saltwater intrusion [3]. Also water can be 
pumped out and treated using different water treatment 
methodologies to improve the water quality. However, 
these methods involve huge costs and are difficult to 
be applied for regional scale management of saltwater 
intrusion. The thrust of this study is to explore the pos-
sibility of managing the withdrawal strategies in space 
and time so as to maximize the groundwater extraction 
and simultaneously prevent the saltwater intrusion. 

Numerical modeling based studies are used to under-
stand the aquifer responses to groundwater extraction. 
These models are used to simulate the flow and trans-
port processes occurring in the aquifer. Usually, in the 
groundwater simulation modeling the flow equations are 
solved first and the velocity of flow obtained from that 
is used in the transport equations to solve for the pollut-
ant concentration. In the saltwater intrusion process the 
pollutant is the salinity from the seawater. This causes 
the density of the freshwater to increase as the mixing 
occurs. Due to the density dependence of the flow and 
transport equations and the salinity it is required to solve 
the flow and transport equations simultaneously. This 
induces high non-linearity and complexity in the mod-
eling of saltwater intrusion process. Different numerical 
models have been used in the past for saltwater intrusion 
modeling. This includes both analytical and numerical 
models. Analytical models are based on Ghyben Her-
zberg approach which assumes that a sharp interface 
exists between the mixing fresh and saltwater. Although 
it is an approximate method analytical solutions can be 
obtained for the saltwater intrusion problem based on this 
approach. A number of studies have used the analytical 
approach to solve the saltwater intrusion problem [4–11]. 
All the analytical approaches approximate the saltwater 
intrusion problem by assuming a sharp interface to ex-
ist between the mixing saline and freshwater. A number 
of numerical models have been developed to solve the 
density dependent saltwater intrusion problem, a review 
of which can be found in Sorek and Pinder [12] and Dhar 
and Datta [13]. Most commonly used codes are SUTRA 
[14,15] FEMWATER [16], SEAWAT [17], HST3D [18], 
FEFLOW [19] etc. Management models for sustainable 
utilization of groundwater can be developed by using 
the numerical simulation models within an optimization 
algorithm. Linked simulation optimization has been used 
to solve different coastal aquifer management problems 
like pumping optimization, panning models for coastal 
aquifers, multi-objective optimization of pumping rates, 

conjunctive use of surface and groundwater etc. [20–28]. 
Cheng et al. [20] used genetic algorithm to optimize the 
pumping pattern of coastal aquifers. Mantoglou [21] used 
analytical solution of the saltwater intrusion equations 
within the optimization model to solve the pumping op-
timization problem. Park and Aral [22] solved a multi-ob-
jective optimization problem of coastal aquifer pumping 
management. A few case studies on saltwater intrusion 
management using linked simulation-optimization have 
been reported [23–28]. Das and Datta [29] developed a 
coastal aquifer management model which the numerical 
equations for the simulation of saltwater intrusion were 
embedded as constraints within a non-linear optimization 
model. Since the use of 3D numerical simulation models 
inside optimization algorithm involves huge computa-
tional burden, meta models are often used to replace the 
actual numerical models. The embedding technique and 
direct linking of the numerical models to the optimization 
models involve huge computational burden. A few stud-
ies have used properly trained and tested neural networks 
as meta-models for groundwater management [30–34 ]. 
Meta-models can reduce the computational burden of 
the management model. In this study neural network is 
used to surrogate the actual numerical simulation model 
to predict the aquifer responses in terms of salinity levels 
at the monitoring locations. Also the present work con-
siders the management policy considering the combined 
operation of production and barrier wells together using 
a multi-objective optimization model. 

In this study we develop a linked simulation-opti-
mization model for coastal aquifer management model. 
The developed model is able to determine the optimal 
extraction strategies for operating the production bores 
and the barrier wells simultaneously. A 3D density depen-
dent flow and transport simulation model FEMWATER is 
used to simulate the aquifer processes. A neural network 
based meta model trained and tested using the aquifer 
simulation data obtained from FEMWATWER is used to 
replace the simulation model within optimization. The 
coastal aquifer management problem is formulated as a 
multi-objective optimization problem and is solved using 
a multi-objective genetic algorithm. 

2. Problem development

The methodology of linked simulation-optimization 
for simultaneous determination of the pumping strategies 
for production wells and barrier wells is illustrated for 
a small coastal well field. The aquifer is 2.52 km2 in area 
and is bounded by the sea on the western side. The other 
boundaries of the aquifer are all no flow boundaries. The 
average aquifer thickness is 60 m. The seaside boundary 
has a constant head of 0  m and a constant concentration 
of 35 kg/m3. The groundwater recharge into the aquifer 
is considered uniform throughout the top land surface 
at a rate of 20 cm/y. Eight production bores for pumping 
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out fresh water from the aquifer are considered. The 
water quality is monitored at three monitoring locations. 
Also, three barrier wells tapping water from the saltwa-
ter wedge region is considered. The aquifer system is 
illustrated in Fig. 1. The production bore locations are 
indicated as P1, P2 etc and the barrier well locations as 
B1 B2 and B3. The salinity levels are monitored at three 
monitoring locations M1 M2 and M3. A management time 
horizon of 3 years is considered. 

The pumping out of water from the production bores 
causes the inward movement of the saltwater wedge into 
the freshwater side by advection and dispersion. Hence, 
unsustainable rates of pumping from the production 
bores cause eventually contamination of the aquifer by 
saltwater intrusion. The barrier wells act as a measure of 
hydraulic control of saltwater intrusion. Pumping out 
of water from the barrier wells causes decrease in head 
near the saltwater wedge there by causing flow of water 
towards the sea from the aquifer, thus preventing salt-
water intrusion. The pumping from the production bores 
and the barrier wells have opposite effects on the water 
quality of the aquifer. Larger volumes of groundwater 
extraction from the production bores require increased 
pumping from the barrier wells to maintain the water 
quality. However, the water pumped from the barrier 
wells will be highly saline and are not good for any practi-
cal use unless treatment measures are adopted. Hence, 
maximizing the total pumping from the production bores 
and simultaneously minimizing the total pumping from 
the barrier wells is the objective of management consid-
ered in this work. 

The simulation model used in this study is FEMWA-
TER [15]. FEMWATER is a three dimensional finite ele-
ment based coupled flow and transport simulation model. 
The flow and transport equations used by the numerical 
model are given below.

Fig. 1. Three dimensional view of the well field discritized 
into finite elements.
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4. Transport equations
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F = storage coefficient; h = pressure head; t = time; K = hy-
draulic conductivity tensor; z = potential head; q = source 
and/or sink; ρ = water density at the chemical concentra-
tion C; ρ0 = referenced water density at zero chemical 
concentration; ρ* = density of either the injection fluid or 
the withdrawn water; θ = moisture content; α’ = modified 
compressibility of water; n = porosity of the medium; S = 
saturation; μ = dynamic viscosity of water at chemical con-
centration C; μo = referenced dynamic viscosity of water at 
zero chemical concentration; k = permeability tensor; ks = 
relative permeability or relative hydraulic conductivity; 
Kso = referenced saturated hydraulic conductivity tensor; 
a1, a2 = parameters defining the concentration dependence; 
ρb = bulk density of medium; C = material concentration 
in aqueous phase; Sa = material concentration in adsorbed 
phase; V = discharge; ∇ = del operator; D = dispersion 
coefficient tensor; α’ = compressibility of the medium; h = 
pressure head; λ = decay constant; m = qCin = artificial mass 
rate; q = source rate of water; Cin = material concentration 
in the source; Kw = first order biodegradation rate constant 
through dissolved phase; Ks = first order biodegradation 
rate through adsorbed phase.
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The aquifer is discretized into triangular finite ele-
ments of side 150 m. A finer element size of 60 m is used 
near pumping wells. The model is set up and the aquifer 
response corresponding to different pumping patterns 
from the production wells and the barrier wells in terms 
of the resulting salinity levels at the monitored locations 
is evaluated using the model. The aquifer response to 
specific pumping patterns are then used to develop the 
ANN based meta model for use in optimization. 

5. Neural network model

A neural network model trained using back-propa-
gation algorithm is used to predict the aquifer responses 
corresponding to specific pumping patterns. The inputs 
to the neural network model are the rates of pumping 
from different production bores and the barrier wells 
and the outputs are the resulting salinity levels at the 
monitoring locations at the end of the management time 
horizon. The developed neural network model has 33 
input nodes and 3 output nodes. A network architecture 
with one hidden layer was sufficient to predict the salinity 
levels satisfactorily. The number of nodes in the hidden 
layer was determined using trial and error approach. The 
neural network model is trained and tested using the 
input-output patterns of pumping and resulting salinity 
levels. Once trained and tested, the neural network model 
can substitute the actual numerical simulation model dur-
ing optimization. Altogether 230 patterns of input-output 
were used to train the neural network model. The learn-
ing rate and momentum factor used was 0.1. Optimum 
number of hidden nodes was found to be 33 equal to the 
number of inputs to the model. 

6. Management model

The management model uses the simulation model 
to evaluate different candidate solutions to the problem 
in a systematic manner to evolve the optimal solutions. 
For this an optimization algorithm is used. In the present 
study we use a multi-objective genetic algorithm called 
NSGA-II to solve the optimization problem [35]. 

This is because two conflicting objectives of optimiza-
tion are considered. The primary objective is to maximize 
the total pumping from the production bores. The sec-
ond objective is to minimize the total pumping from the 
barrier wells. Increased pumping from the production 
bores requires more pumping from the barrier wells to 
control the resulting saltwater intrusion hydraulically. 
Hence, these two objectives are conflicting objectives and 
multi-objective optimization is required to solve such 
problems. Multi-objective optimization problems have 
a set of non-dominated solutions which give a trade-off 
between the conflicting objectives rather than a single 
solution. The non-dominated set of solutions is called 
Pareto-optimal solution. 

The mathematical formulation of the optimization 
model is as follows:
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where Qn
t is the pumping from the nth production well dur-

ing tth time period, qm
t is the pumping from the mth barrier 

well during tth time period and ci is the concentration in 
the ith monitoring well at the end of the management time 
horizon. ξ ( ) represents the density dependent flow and 
transport simulation surrogate model and constraint (9) 
represents the coupling of the surrogate model with the 
optimization model Constraint (10) imposes the maxi-
mum permissible salt concentration in the monitoring 
well locations. Constraints (11) and (12) define lower and 
upper bounds of the pumping from production wells and 
barrier wells respectively. 

The upper and lower bounds for the pumping rates 
were specified with practical limits of 1300 m3/d and 
0 m3/d, respectively. Altogether the optimization prob-
lem has 33 variables corresponding to pumping from 11 
locations for three time periods. Out of this 3 locations 
correspond to barrier well locations. 

The optimization algorithm starts with randomly 
generated candidate solutions for the coastal well field 
management problem. These candidate solutions are 
pumping patterns for the production wells and barrier 
wells. These solutions are then sent to the neural network 
model which evaluates the aquifer responses in terms 
of the salinity levels at the monitoring locations. The 
optimization model specifies that these resulting salinity 
levels should be within acceptable limits. Thus different 
candidate solutions are evaluated for the maximum total 
pumping from the production wells and minimum from 
the barrier wells which satisfies the imposed constraints 
of salinity limits. 

Multi-objective genetic algorithm uses a popula-
tion based optimization search [35]. The population of 
randomly generated candidate solutions are evaluated 
for their objective function value. Then they are selected 
and operated upon by genetic algorithm operators called 
cross-over and mutation to create new population of 
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solutions. This procedure is repeated for a number of 
generations upon which the solutions are improved and 
converge to the optimal solution. 

7. Results and discussion

A management model was developed for a small 
coastal well field with 8 production wells and 3 barrier 
wells. A finite element based simulation model was set 
up for the study area with proper initial and boundary 
conditions. The simulation model was used to determine 
the aquifer responses to different pumping patterns and 
these patterns of pumping values and corresponding 
aquifer responses were used to train and test a neural 
network model. The trained and tested neural network 
model was linked to the multi-objective optimization 
algorithm to derive the optimal pumping strategies for 
the well field. 

The multi-objective optimization algorithm used a 
population size of 200 and 750 generations to derive the 
optimal solutions. The optimum crossover and muta-
tion parameters used were respectively 0.9 and 0.05. The 
Pareto-optimal set of solutions obtained for this pumping 
optimization problem is shown in Fig. 2. Each solution on 
the front corresponds to a combination of pumping from 
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Fig. 2. Pareto-optimal set of solutions for the well field management problem.

the production bores and the barrier wells. Therefore, 
optimal pumping from the production bores in order to 
maximize the total pumping is given by this solution. Si-
multaneously, the corresponding optimal pumping from 
the barrier wells required to maintain the water quality 
is also obtained from the same solution. 

The Pareto-optimal front shows a trade-off between 
the two objectives of well field management. On the front, 
any increase in the total pumping from the production 
bores require an increase in the barrier well pumping 
also. Practically increase in the production bore pump-
ing causes the saltwater wedge to move towards land. 
This needs to be compensated by increased barrier well 
pumping which causes groundwater flow gradient to-
wards the sea there by compensating the effect caused by 
the production bore pumping. The pumping rates from 
the production wells and barrier wells corresponding to 
three different solutions of the Pareto-optimal front are 
given in Figs. 3–5. In the figures, the X axis corresponds 
to the pumping variables. Variables 1–8 correspond to 
pumping from the production wells P1–P8 for the time 
period 1 and 9–11 correspond to pumping from the bar-
rier wells B1–B3 for the first time period. Similarly 12–19 
and 20–22 correspond to production well and barrier well 
pumping for second time period and 23–29 and 30–33 
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correspond to the same for third time period. Figs. 3, 4 
and 5 corresponds to the optimal solutions (24349, 2037), 
(27634, 3094) and (28291, 4121) respectively. By simulating 
the aquifer processes for the optimal solutions obtained 
using the management model, it was found that the 
salinity concentrations at the monitoring locations M1, 
M2 and M3 at the end of the management time period 
were limited to the maximum limit prescribed in the 
management model. Thus the methodology is efficient 
in obtaining optimal strategies for operating saltwater 
intruded well fields. 

8. Conclusion

A methodology for the simultaneous determination of 
optimal rates of pumping from the production bores and 
barrier wells of a coastal aquifer well field is developed 
and tested. The goal of the management strategy is to 
control the saltwater intrusion into the aquifer. The meth-
odology uses a finite element based simulation model, a 
neural network based meta-model and a multi-objective 
genetic algorithm. The multi-objective optimal solutions 
for the well field management problem were derived 
using the linked simulation-optimization methodology. 
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Fig. 5. Optimal pumping rates corresponding to total barrier well pumping of 4121 m3/d.

The optimal solutions prescribe the rates at which the 
production bores and barrier wells in the well field be 
operated for a three year management time period. The 
rates of pumping a particular well within a time period 
of one year were considered constant. It was found that, 
by operating the wells as prescribed by the management 
model, the saltwater intrusion can be confined to pre-
specified limits. Thus the developed methodology can 
be used to derive optimal operation strategies for the 
combined operation of production bores and barrier wells 
in a saltwater intrusion affected well field for sustainable 
use of coastal aquifers.
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